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Abstract

High angular resolution radio observations of relativistic jets are necessary to understand the causal connection
between accretion and jet ejection in low-mass X-ray binaries. Images from these observations can be difficult to
reconstruct due to the rapid intra-observational motion and variability of transient jets. We have developed a time-
dependent visibility model fitting and self-calibration procedure and applied it to a single 4 hr VLBA observation
of the low-mass X-ray binary Swift J1727.8—1613 during the bright flaring period of its 2023 outburst. This
allowed us to detect and model a slightly resolved self-absorbed compact core, as well as three downstream
transient jet knots. We were able to precisely measure the proper motion and flux density variability of these three
jet knots, as well as (for the first time) their intra-observational expansion. Using simultaneous multifrequency data,
we were also able to measure the spectral index of the furthest downstream jet knot, and the core, as well as the
frequency-dependent core shift between 2.3 and 8.3 GHz. Using these measurements, we inferred the ejection dates
of the three jet knots, including one to within +40 minutes, which is one of the most precise ever measured. The
ejection of the transient jet knots coincided with a bright X-ray flare and a drastic change in the X-ray spectral and
timing properties as seen by HXMT, which is the clearest association ever seen between the launching of transient
relativistic jets in an X-ray binary and a sudden change in the X-ray properties of the accretion inflow.

Unified Astronomy Thesaurus concepts: Stellar mass black holes (1611); Radio jets (1347); Relativistic jets (1390);
Very long baseline interferometry (1769); Low-mass x-ray binary stars (939); Transient sources (1851)

Materials only available in the online version of record: animation

1. Introduction with the launching of relativistic jets. One such signature is the
switch from type-C to type-B quasiperiodic oscillations (QPOs;
for a review, see A. R. Ingram & S. E. Motta 2019), which
have been observed close to the launch time of transient
relativistic jets in a few sources (J. C. A. Miller-Jones et al.
2012; T. D. Russell et al. 2019; J. Homan et al. 2020;
C. M. Wood et al. 2021). Despite this, the exact causal
relationship between the changes in the inner accretion flow
and the ejection of the transient jets has not been determined.
Our understanding is limited primarily by the lack of precise
measurements of the ejection times of jet knots, accompanied
by sufficiently dense contemporaneous X-ray observations.

The causal connection between the accretion inflow and the
launching of relativistic jets by black holes is best studied in
nearby Galactic black hole low-mass X-ray binaries (LMXBs).
During bright outbursts of these systems, the properties of the
accretion inflow and the jet outflows change dramatically (see,
e.g., R. P. Fender et al. 2004, 2009, for a review of disk/jet
coupling in LMXB outbursts).

To date, there have been multiple suggestions of X-ray
intensity, spectral, and timing signatures that are associated
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very long baseline interferometry (VLBI) are essential for
precise ejection date measurements (e.g., J. C. A. Miller-Jones
et al. 2012; C. M. Wood et al. 2021).

Early VLBI observations of X-ray binary jets were often
contaminated by imaging artefacts or had to be reduced in
length due to the rapid intra-observational variability of the jet
knots (R. M. Hjellming & M. P. Rupen 1995; S. J. Tingay et al.
1995). This rapid variability violates the fundamental assump-
tion of source stability in aperture synthesis. One way of
accounting for this variability is by splitting the full observa-
tions into short time bins where the jet knots are less variable,
but the sensitivity is lower. This approach has been used to
track the launching and evolution of transient jets in VLBI
observations; e.g., in Scorpius X-1 (E. B. Fomalont et al. 2001)
and V404 Cygni (J. C. A. Miller-Jones et al. 2019). This
approach requires the jet knots to be bright so that they can be
detected within each time bin, and imaged with the
subsequently sparse uv-coverage. Because of the challenges
of reconstructing long observations of highly variable jet knots,
shorter observations are generally taken over multiple days,
with the knots moving between the observations (e.g.,
R. C. Vermeulen et al. 1987; V. Dhawan et al. 2000; D. Han-
nikainen et al. 2001). However, in some cases, individual knots
have only been detected in a single observation (e.g.,
A.J. Mioduszewski et al. 2005). The short timescale variability
of these transient jets is therefore not often studied in high
angular resolution observations.

J. Yang et al. (2010) devised a method to measure the proper
motion of a jet knot from a single observation of XTE J1752
—223, by shifting the phase center of an observation within an
image to correct for a given proper motion, varying the proper
motion to maximize the recovered flux density of the jet knot.
C. M. Wood et al. (2021) used a similar proper motion
correction method to detect a fast-moving knot in MAXI J1820
4070 that had been smeared below the noise level of an
observation. These approaches do not account for flux density
variability or expansion of jet knots, and are not well suited for
observations of multiple jet knots moving at different speeds.

C. M. Wood et al. (2023) introduced a new time-dependent
visibility model fitting approach that can account for both large
proper motion and flux density variability to measure the
properties of the time-evolving jet knots. This technique allows
for the precise measurement of time-varying jet parameters
from a single high angular resolution observation.

1.1. Swift J1727.8—1613

Swift J1727.8—1613 was first detected by Swift/Burst Alert
Telescope (Swift/BAT) as it went into a bright outburst
beginning in 2023 August (K. L. Page et al. 2023). It was then
quickly followed up at X-ray, radio, and optical wavelengths
(see, e.g., A. Veledina et al. 2023; A. Ingram et al. 2024;
D. Mata Sanchez et al. 2024; J.-Q. Peng et al. 2024;
C. M. Wood et al. 2024, A. K. Hughes et al. 2025). Swift
J1727.8—1613 was later dynamically confirmed as a black hole
LMXB (D. Mata Sanchez et al. 2025). VLBI observations early
in the outburst showed that Swift J1727.8—1613 had a resolved
continuous jet aligned in the north-south direction
(C. M. Wood et al. 2024). X-ray observations of the source
revealed that after the initial rise of the outburst, the source
entered a bright flaring period, which included the brightest
X-ray flare of the outburst on 2023 September 19 (see,
e.g., H-X. Liu et al. 2024; Z.-X. Yang et al. 2024;
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W. Yu et al. 2024; J. Liao et al. 2024; H. Zhu et al. 2024).
During this period, rapid changes in the X-ray intensity,
spectral, and timing properties were observed, as well as
multiple radio flares (A. Ingram et al. 2024).

In this Letter, we make use of a time-dependent visibility
modeling approach, with newly implemented self-calibration
and multifrequency modeling procedures, to study a high
angular resolution VLBI observation of Swift J1727.8—1613
taken during the bright flaring period.

2. Observations and Calibration
2.1. VLBA

Following the beginning of the rise of the bright X-ray flare on
2023 September 19, we triggered an observation with the VLBA
(observation code BM538B), as part of our ongoing monitoring of
this outburst (see C. M. Wood et al. 2024). We observed from
2023 September 19 23:56 to 2023 September 20 03:41 (UTC)
with the dichroic S/X feed with a recording rate of 4096 Mbps.
The data were split into four 128-MHz intermediate frequency
(IF) pairs, with the lowest IF pair centered at 2.3 GHz (S-band)
and the other three IF pairs centered at 8.3 GHz (X-band). We
split the data into the two separate bands and calibrated them
individually. We used ICRF J174358.8—035004 (J1743—0350)
as a fringe finder, ICRF J172134.6—162855 (J1721—-1628)
as a phase reference source, and ICRF J172446.9—144359
(J1724—2914) as a check source (P. Charlot et al. 2020).

The data were correlated using the DiFX software correlator
(A. T. Deller et al. 2007, 2011) and calibrated according to the
standard procedures within the Astronomical Image Processing
System (AIPS, version 31DEC22; D. C. Wells 1985;
E. W. Greisen 2003). The 2.3 GHz data were largely corrupted
by interference, and so we could only reliably calibrate the final
~1 hr of the observation. Following the standard external gain
calibration, we performed several rounds of hybrid mapping of
the phase reference source to derive the time-varying phase,
delay, and rate solutions, which we interpolated to the target.
We also performed a single round of amplitude self-calibration
to get the most accurate time-varying amplitude gain calibra-
tion, which we then applied to the target.

2.2. HXMT

We analyzed a series of observations of Swift J1727.8—1613
taken by the Hard X-ray Modulation Telescope (HXMT;
S. Zhang et al. 2014) around the time of the bright X-ray flare
on 2023 September 19. These observations are a subset of the data
published in W. Yu et al. (2024), and the data were processed
following standard procedures. We filtered the X-ray counts from
the low-energy (LE), mid-energy (ME), and high-energy (HE)
instruments into three bands covering 2-10, 10-35, and
27-250keV, respectively. We binned the X-ray counts into 10s
averaged light curves for each band using stingray (D. Hup-
penkothen et al. 2019; M. Bachetti et al. 2024). We also computed
the fractional-rms normalized dynamic power spectra for each
good time interval in each band using a 15 s window.

3. Analysis
3.1. Imaging

We imaged the calibrated 8.3 GHz data in DIFMAP, using
several rounds of CLEANing, model fitting, and self-calibration.
The initial image showed a bright and slightly resolved core,
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Figure 1. VLBA images of the jets launched by Swift J1727.8—1613 on 2023
September 19. The first three panels show images of the 8.3 GHz observations
with Gaussian tapers of increasing severity (as noted in the text boxes). The
images are rotated counterclockwise by 90°, as shown by the compass in the
top panel. The color bar shows the intensity in mJy/beam, and the contour
levels are +0 x 2" mly/beam where n = 3,4, 5, ..., and o is the rms noise
shown in the upper right of each image. The restoring beams of the images are
shown by the ellipses in the bottom right of the panels. The images show a
compact core and multiple downstream jet knots. The resolved jet knots are
large and diffuse and are only detected with the shortest baselines. The bottom
panel shows the simultaneous 2.3 GHz observation, which has lower sensitivity
and poorer resolution. The distinct inner jet knots seen at 8.3 GHz are blended
with the core at 2.3 GHz, but the downstream jet knot is clearly distinct and
optically thin.

with a single distinct jet knot ~8 mas to the south, shown in the
first panel of Figure 1. In order to detect any diffuse or partially
resolved-out emission, we made two images using Gaussian
uv-tapers with 30% power at 100 and 50MA (megawave-
lengths), respectively (with the full uv-coverage extending out to
~220 M)). We show these images in the second and third panels
of Figure 1. In the tapered images, the core appears to be more
extended, and a southern downstream jet knot is clearly detected
at a separation of ~60 mas from the core.

We similarly imaged the final ~1hr of the 2.3 GHz
data within DIFMAP, which is also shown in Figure 1.
The resolution is much lower than that of the 8.3 GHz data. The
image consists of a bright core with an extended structure to the
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south, likely the blending of multiple distinct components as in
the 8.3 GHz images, with a single expanded southern jet knot
~60 mas downstream. Since the restoring beams of the 2.3 and
8.3 GHz observations are so different, it is difficult to estimate
the spectral index of the inner blended components. By fitting
the downstream jet knot with an extended circular Gaussian in
both bands, we measured a steep apparent spectral index of
a=-2.0%0.2(S, xv?"), where we assume a 10% calibration
error for the 8.3 GHz flux density and 20% for the 2.3 GHz flux
density (due to the RFI contaminated system temperature
measurements).

We split the 8.3 GHz observation into two halves and imaged
each of them separately to search for evidence of variability. We
found that between the two images, the downstream jet knot
appeared to move ~5 mas. This could explain the steep spectral
index, due to the reduction in surface brightness owing to the
motion smearing the emission across multiple beams in the
8.3 GHz image. The spectral index may have also been steepened
due to the shorter spacings of the 2.3 GHz data, which may detect
resolved emission that we cannot detect in the 8.3 GHz data,
although we expect motion to be the dominant factor. We explore
this further in Section 3.2.4. We also found evidence of motion of
the inner diffuse knot at a separation of ~15mas from the
8.3 GHz core. This inner knot also appeared to expand and start
becoming resolved between the first and second images. In both
bands, the bright core was stationary, suggesting that it was a
compact, steady jet close to the location of the central black hole.

3.2. Time-dependent Model Fitting

Although we could image the two halves of the 8.3 GHz
observation, the sensitivity and uv-coverage were insufficient to
reliably detect the downstream knots in multiple short time bins.
To study the intra-observation motion and variability of the jet
components, we used the time-dependent model fitting procedure
first described in C. M. Wood et al. (2023) and used again in
C. M. Wood et al. (2024). In this procedure, we fit simple
analytical model components (e.g., point sources and Gaussians)
directly to the measured visibilities, explicitly parameterizing the
variability of the component positions, sizes, and flux densities.

We model the central compact jet using a stationary elliptical
Gaussian component with major and minor FWHM sizes
P major and Ppinor, respectively, and position angle 6. Similar to
C. M. Wood et al. (2023) and C. M. Wood et al. (2024), we fit
the flux density evolution of all of the jet knots using a linear
model with flux density F at the reference time 7, (which is
chosen as 2023-09-20 02:00 UTC), and flux density derivative
F'. For the discrete moving jet knots, we use circular Gaussian
components with a ballistic motion in a radial coordinate
system. We force the moving knots to move away from the fit
location of the compact core along a position angle 6 with
speed u, with a separation rq at the reference time. We model
the FWHM size of the components with both a constant model
and a linear model, where @ is the size at the reference time
and & is the expansion rate.

To perform the model fitting, we use the Bayesian inference
algorithm nested sampling (J. Skilling 2006), implemented in
the dynesty'® Python package (J. S. Speagle 2020). We
assume that the noise on the visibilities is Gaussian, and so we
use a Gaussian likelihood. We use uniform priors for all
parameters, allowing for a suitable range of values based on

18 https: //github.com/joshspeagle/dynesty
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constraints from the images, except for the position angle along
which the knots move and the orientation of the elliptical
Gaussian core. For these parameters, we use a normal prior
with a mean of 180° east of north and a standard deviation of 2°
(C. M. Wood et al. 2024).

3.2.1. Single-frequency Modeling and Self-calibration

We began our modeling with the 8.3 GHz data. In the
absence of calibration errors, C. M. Wood et al. (2023)
demonstrated with simulations that it was possible to reliably
solve for the motion and variability parameters directly from
the visibilities. Since there were still significant residual phase
calibration errors in our data after external gain calibration and
phase referencing, we needed to incorporate self-calibration
into the dynamical model-fitting procedure. Similar to
DIFMAP and AIPS, we implemented a procedure that involves
several rounds of iterative model fitting and self-calibration to
mitigate the residual calibration errors and solve for the time-
variable model parameters. We could not implement this
approach in C. M. Wood et al. (2023) since the observations
did not have sufficient signal-to-noise to derive reliable self-
calibration solutions.

We began by fitting a stationary elliptical Gaussian
component with linear flux density evolution to the bright
core. We initially flagged all baselines to North Liberty and St.
Croix, since the external phase gain calibration was particularly
poor for those stations. Once the fit converged, we subtracted
this model from the data. The residual image showed faint
remaining core emission, and a peak ~70 mas downstream,
consistent with the southern knot in the third panel of Figure 1.

To perform self-calibration, we used the median of the
posterior probability distribution to compute a time-resolved
model of the observed visibilities. We then used this model to
perform phase-only self-calibration, where we solved for the
phase of the time-dependent station-based gains on a 1 minute
solution interval (including for NL and SC). We then applied
these solutions to the externally gain-calibrated observation and
performed a second round of model fitting on this self-
calibrated observation with the same elliptical Gaussian core
and a moving circular Gaussian component at the location of
the southern discrete jet knot.

We performed this same loop twice more, first inspecting the
residual image, performing phase-only self-calibration, and
then refitting the model with an additional moving circular
Gaussian component at the location of an intensity peak in the
residual image, until the residual image was noise-like with no
clear structure. Finally, once all of the moving jet knots were
included in the model, we allowed the size of the moving knots
to change linearly with time. We then performed a final round
of phase-only self-calibration, followed by model fitting and a
round of phase and amplitude self-calibration with a 30 minute
solution interval. We then perform the final model fit to the
iteratively self-calibrated data.

3.2.2. Single-frequency Results

In total, we found that the observation was best represented
with a stationary elliptical core and three moving circular
Gaussian components to the south of the core, which we label
knot 1, knot 2, and knot 3. We show a visualization of this
model in Figure 2, where we plot the time-varying locations
and sizes of the jet knots from the median of the posterior
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probability distribution. We include an animated version of this
figure in the Appendix. In Table 1, we summarize the
parameters fitted in the 8.3 GHz model.

We find that the three jet knots are traveling at different
angular speeds, with knot 1 being the slowest and knot 3 being
the fastest. The three knots are also all expanding during the
observation at apparently different rates, as shown in Figure 3.
We find that the core and knot 3 are decreasing in flux density
throughout the observation, while the light curve of knot 1 is
consistent with being flat, and knot 2 is increasing in flux
density as it expands and moves away from the core. Note that
this measurement is of the integrated flux density of the
resolved components, and not the peak intensity.

3.2.3. Incorporating the 2.3 GHz Data

Following the single-frequency 8.3 GHz modeling, we
sought to include the 2.3 GHz data in a combined multi-
frequency, time-variable model. We followed the same basic
procedure as with the single-frequency data, beginning with a
single core component, iteratively performing phase-only self-
calibration, and adding more components until we had an
elliptical Gaussian core component and three moving circular
Gaussian components. In the multifrequency model, each
component had the same position and motion at both
frequencies, but they were allowed to have different sizes
and flux densities at each frequency. Because the core was
optically thick, the position of the core component was shifted
downstream at lower frequencies. We therefore allowed the
core position to shift with frequency along the jet axis, but
forced the positions of the optically thin jet knots to be the
same at both frequencies. This essentially used the optically
thin downstream knots to “lock” the reference frame between
the two frequencies.

3.2.4. Multifrequency Results

In the multifrequency model, we found that the motions of
the moving jet knots were consistent with the single-frequency
model. The location, size, and flux density of the core
component at 8.3 GHz were also consistent with the single-
frequency model. We found that the elliptical Gaussian core
was unresolved at 2.3 GHz, with upper limits (84th percentile)
on the major and minor FWHM sizes of 0.8 and 0.13 mas,
respectively. It is not clear why the core component is more
compact at 2.3 GHz than at 8.3 GHz (see Table 1). We were
able to measure the shift of the centroid position of the core
component between 2.3 and 8.3 GHz to be 3.78 £ 0.15 mas to
the south along the position angle of the jet axis. We found that
the core component had a spectral index of 0.1 £ 0.2, and the
furthest downstream knot (knot 3) had a spectral index of
—1.3 £ 0.2, again assuming a 10% calibration error for the
8.3 GHz flux density and 20% for the 2.3 GHz flux density,
added in quadrature with the statistical errors. This validates the
assumption that the downstream jet knot is optically thin, and
therefore our core shift measurement is reliable, since we are
effectively measuring the difference in separation between this
component and the centroid position of the bright, com-
pact core.

The size, expansion, and 8.3 GHz flux density of knot 3 were
consistent between the single-frequency and multifrequency
modeling. The size, expansion, and 8.3 GHz flux density of the
inner two discrete jet knots showed differences between the
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Figure 2. Comparison of our analysis of the VLBA observation of Swift J1727.8—1613 using conventional imaging techniques and our dynamic model-fitting
approach. The top panel shows the same image of Swift J1727.8—1613 as in the third panel of Figure 1, with the same rotation, color scale, and contours. The bottom
panel shows a representation of our dynamic model fit, on the same scale. We plot the model using the median of the marginal posterior distribution for each fit
parameter. The positions and sizes of the ellipses and circles show the evolution of the positions and FWHM sizes of the Gaussian components fit to the visibilities,
where the colors of the components correspond to the time in hours from the reference time. The core component is shown in black since it is stationary and not
changing in size. The downstream jet knots are moving away from the elliptical Gaussian core at varying speeds and are all expanding at different rates. An animated

version of this figure is available in the Appendix.

single and multifrequency modeling. This could be due to the
poor external calibration and resolution of the 2.3 GHz data,
which resulted in us not being able to properly resolve the inner
two components at the lower frequency; or it could be because
there was more diffuse emission near the core, and thus the
simple two circular Gaussian component model does not
adequately describe the jet structure at 2.3 GHz; or it could be a
combination of both. We do not, therefore, report spectral
indices for these two inner knots, and we only use the single-
frequency 8.3 GHz modeling results to determine the proper
motions and inferred ejection dates of the knots.

To test if the spectral indices were artificially steepened by
the mismatched uv-coverage of the two frequency bands, we
reperformed the multifrequency time-resolved modeling with
the shortest baselines of the 2.3 GHz data removed to match the
shortest baselines of the 8.3 GHz data. We found no significant
difference in the measured spectral indices with the altered uv-
coverage.

3.2.5. Transient Jet Ejection Dates

Since we were able to model the compact core of Swift
J1727.8—1613, we do not require accurate astrometry to infer
the ejection dates of the three jet knots, since we could use the
location of the core component to define a fixed reference
frame that is conserved through phase self-calibration. Assum-
ing that the core shift evolves with frequency as Ar o v!
(R. D. Blandford & A. Konigl 1979), then by using the
measured core shift between 2.3 and 8.3 GHz, we calculate that

the 8.3 GHz core is 1.45 £ 0.06 mas downstream from the
central black hole. Using the motions and locations of the
transient jet knots from the single-frequency 8.3 GHz model-
ing, we infer the ejection dates of knots 1, 2, and 3 to be MID
60206.417598, 60206.3671}, and 60206.22 + 0.03, respec-
tively. These measurements are some of the most precisely
measured ejection dates of transient jet knots in LMXBs, with
the most precise measurement (knot 3) having an uncertainty of
+40 minutes.

3.3. X-Ray Light Curves and Power Spectra

In Figure 4, we plot the light curves and dynamic power
spectra of the HXMT observations surrounding the inferred
ejection dates of the three downstream jet knots. For context,
we also include longer-duration li%ht curves from the Monitor
of All-sky X-ray Image (MAXI;'"” M. Matsuoka et al. 2009)
Gas Slit Camera (GSC). The shaded region in the first panel
shows the time range of the lower six panels. The ejection dates
of the three transient jet knots are all coincident with the bright
X-ray flare in the LE band on 2023 September 19 (MJD
60206). At the same time, the ME and HE bands show a dip in
their light curves, with the overall X-ray spectrum softening
during this flare. In all three bands, there is a strong QPO with a
centroid frequency around ~4 Hz, which increases to ~9 Hz
during the flare, and then recovers back to around ~5 Hz after

19 http: //maxi.riken.jp/
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Table 1

Summary of the Posterior Estimates for the Moving Jet Knots in the VLBA

Observation Shown in Figure 2

Component Parameter Posterior Estimate
Core 0 (°east of north) 180.41 4+ 0.10
@ najor (Mas) 2.015 £+ 0.012
D inor (Mas) 0.268 + 0.006
Xo (mas) 0.110 + 0.001
Yo (mas) 0.153 + 0.004
Fy (m]y) 20.39 + 0.05
F (mJy/hr) —2.30500¢
Knot 1 D (mas) 0.89 £+ 0.05
& (mas/hr) 0.12 + 0.04
7o (mas) 8.54007
4 (mas/hr) 0.62 £+ 0.06
0 (°east of north) 180.13 + 0.16
Fy (mly) 1.72 £+ 0.06
F (mJy/hr) 0.00 £+ 0.06
Knot 2 D (mas) 38 + 04
& (mas/hr) 1.0 + 03
ro (mas) 174 + 0.2
& (mas /hr) 1.1 £ 0.2
0 (°east of north) 1774 £+ 04
Fy (mly) 1.55 + 0.10
F (mlJy/hr) 0.36 + 0.08
Knot 3 d, (mas) 3.78 + 0.18
& (mas/hr) 0.257518
ro (mas) 64.66 + 0.11
& (mas /hr) 3.18 £ 0.10
0 (°east of north) 178.27 + 0.05
Fo (mly) 3.03%059
F (mlJy/hr) —0.70 + 0.09

Note. The reference time is defined as 02:00:00 (UTC) on 2023 September 20,
which is approximately the midpoint of the observation. The core position
coordinates, xo and y, (in the directions of R.A. and decl., respectively), are
given relative to the phase center of the observation (R.A. (J2000) = 17"27™43
$31358, decl. (J2000) =—16°12'19".181). We report the medians of the
marginal posterior distributions as the best-fit parameters, and the 16th and
84th percentiles as the uncertainties. The position angle 6 for the core
component is the position angle of the major axis of the elliptical Gaussian,
where for the three circular Gaussian jet components, it is the position angle of
ballistic motion away from the core. The errors listed in this table are purely
statistical errors of the fit to the self-calibrated data. While the relative positions
and motions of the components are precisely measured, the absolute positions
of the components should contain an additional 98 pas and 330 pas astrometric
error in R.A. and decl., respectively (N. Pradel et al. 2006). Similarly, the
absolute flux densities and flux density derivatives should include a 10%
absolute amplitude calibration error for comparison with other instruments/
observations.

the flare, following a similar shape to the LE light curve during
the flare.

4. Discussion

We made use of our new modeling technique, which, for the
first time, included an iterative self-calibration approach, to
measure the motions, flux density variability, and expansion of
multiple jet knots within a single observation. This is the first
time intra-observational expansion has been measured in an
LMXB jet knot. We were also able to jointly model two
frequency bands to measure the shift in the position of the
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optically thick stationary core. With traditional imaging alone,
we could not constrain any of these parameters.

4.1. Jet Properties

The brightest component in the 8.3 GHz observation was the
extended, stationary core. We found that this component was
optically thick, with a flat or inverted spectral index and a
substantial core shift between 2.3 and 8.3 GHz, which is
consistent with being a compact self-absorbed continuous jet.
The continuous jet is much less resolved in this observation
than in earlier observations in the hard-intermediate state
(C. M. Wood et al. 2024). Since it is only marginally resolved,
its position is likely close to the location of the approaching jet
photosphere at each frequency (i.e., the receding jet contrib-
ution is very small). The frequency-dependent core shift was
first measured in a Galactic X-ray binary in SS 433 (Z. Paragi
et al. 1999), but it has also been measured in the LMXBs V404
Cygni and MAXI J18204-070 (R. M. Plotkin et al. 2017;
A. J. Tetarenko et al. 2021; S. Prabu et al. 2023). Our core shift
measurement is much larger than the core shifts measured in
V404 Cygni and MAXI J18204-070, even accounting for the
differences in distance and radio luminosity, although these
measurements were derived from observations taken in the
hard state. To infer the distance between the measured core and
the jet base, we assumed a conical geometry with no free—free
absorption in the absence of strong stellar or disk winds.
Y. Y. Kovalev et al. (2020) show that the switch from parabolic
to conical geometries in nearby active galactic nuclei occurs at
distances of 10°=10° gravitational radii, whereas our core shift
measurement is on the order of 10® gravitational radii
(assuming a 10M, central black hole), vindicating our
assumption of a conical geometry on the scales we observed.

We assume that the profile of the core component is
Gaussian for the purposes of our modeling, but we note that
this is likely an oversimplification of the compact jet profile
(see, e.g., the compact jet profile in C. M. Wood et al. 2024).
While more physically motivated jet profiles have been
proposed (e.g., S. Heinz 2006; Z. Paragi et al. 2013,
A. Zdziarski et al. 2025, in preparation), an exploration of
these models in the visibility plane, and their underlying
assumptions, is beyond the scope of this work.

The orientation of the core, the direction of the core shift,
and the direction of the proper motion of the jet knots are
consistent with the position angle of the extended continuous
jet seen at the beginning of the outburst (C. M. Wood et al.
2024). Given that we only detected transient jet knots to the
south of the stationary core, that the core shift was to the south,
and that the jet was not observed to undergo any large scale
precession (e.g., J. C. A. Miller-Jones et al. 2019), the moving
jet components were likely all approaching us. Since we did not
detect any receding counterparts to the jet knots, and since we
do not know the inclination of the jet axis, we cannot uniquely
constrain the intrinsic speed of the jet knots. The apparent
proper motion of an approaching jet knot, p, is related to the
intrinsic speed of the jet knot, (3, by

__ Bsini ¢

1 — Bcosid’
where i is the inclination angle of the jet to the line of sight, d is
the distance to the source, and c¢ is the speed of light

(I. F. Mirabel & L. F. Rodriguez 1999). We assume a distance
of 3.7 £ 0.3 kpc (D. Mata Séanchez et al. 2025); however, we

I ey
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Figure 3. The fitted sizes of the downstream jet knots in our dynamic model of our 8.3 GHz VLBA observation of Swift J1727.8—1613. The red lines show the
medians of the marginal posterior distributions, while the gray lines are 100 random samples from the posterior distribution. The three jet knots are different sizes and

are apparently expanding at different rates.

note that different assumed distances (e.g., B. J. Burridge et al.
2025) will result in different jet speed, expansion, and
inclination constraints (A. Zdziarski et al. 2025, in preparation).
We can use the measured proper motion to calculate possible
combinations of § and i for the individual jet knots. In Figure 5,
we show the allowed combinations of i and (3 for the moving
jet knots. This plot shows that all three jet components must be
traveling at different intrinsic speeds, or that they must have
drastically different inclination angles. A large difference in
their inclination angles is unlikely, given that we do not
observe a large difference in their position angles. Knot 3, the
fastest moving jet, is highly superluminal with an apparent
speed of 1.63 £ 0.05c¢. This sets an upper limit on the
inclination of the jet axis of i < 67°, which corresponds to an
intrinsic speed 3 = 1. The inclination upper limit, combined
with the dynamical mass function, sets a lower limit on the
mass of the black hole in Swift J1727.8—1613 of
3.55 £ 0.12 M, (D. Mata Sanchez et al. 2025). Using this
inclination upper limit, the minimum intrinsic speeds of knots 1
and 2 are 3 > 0.3 and § > 0.5, respectively. Knot 3 has a
minimum intrinsic speed of 3 > 0.83, which corresponds to a
minimum bulk Lorentz factor of I' > 1.8.

Similarly, we cannot measure the true expansion rate of the
jet knots without knowing the intrinsic jet speed and the
inclination of the jet axis. The measured expansion rate, ®, is
related to the true expansion rate, Bexpc, by

_ ﬂexp £
I'(1 — Bcosi)d

(J. C. A. Miller-Jones et al. 2004). So, for the allowed
combinations of § and i constrained by the proper motion, we
can calculate the intrinsic jet expansion rate. We find that for
inclinations under the 65° upper limit, the intrinsic expansion
speeds of knots 1 and 3 are consistent with each other within
uncertainty, although this is dominated by the uncertainty in the
apparent expansion speed of knot 3. For all inclinations below
~55°, the intrinsic expansion speed of knot 2 is larger than that
of knots 1 and 3. Between 55° and 65°, the intrinsic expansion
rate of knot 3 is unconstrained and is consistent with the
intrinsic expansion rate of both knots 1 and 3. Knot 1 has the

@)

most well-constrained intrinsic expansion rate, with a strict
upper limit of .., < 0.08, and it is inconsistent with the
intrinsic expansion rate of knot 2 for all § > 0. At the 65° upper
limit, knot 2 can be expanding as fast as 3., = 0.45 £ 0.15,
which is consistent with the relativistic sound speed in plasma
Bexp = 1/ J3 ~ 0.577), although the uncertainty on the
expansion speed of this component is quite large.

It is not clear why the three jet knots are traveling and
expanding at different intrinsic speeds. The opening angles (and
thus expansion rates) have only been constrained in a small
number of systems (see, e.g., A. M. Stirling et al. 2001;
J. C. A. Miller-Jones et al. 2006; G. Migliori et al. 2017;
A. J. Tetarenko et al. 2017; M. Espinasse et al. 2020; J. Chauhan
et al. 2021; A. J. Tetarenko et al. 2021; C. M. Wood et al. 2023).
This observation is the first time that the expansion rate of
multiple jet knots has been measured within a single observation.
Assuming that the expansion rates of the jet knots are constant, we
can infer a “zero-size date”, which we show alongside their
ejection dates in Table 2. For knot 3, we find that its zero-size date
is consistent with its ejection date, whereas the other two knots
have zero-size dates much later than their ejection dates. The
difference between the zero-size date and the ejection date for
knot 2 is the most drastic. This violates the assumption that
transient jet knots expand adiabatically with constant opening
angle, which many simple transient jet models assume (e.g.,
H. van der Laan 1966). While the interstellar medium environ-
ment around the source close to the jet axis is likely dynamic,
knots 1 and 2 are close to each other and thus were traveling
through a similar environment, and so the processes that caused
knot 2 to have expanded much faster than knot 1 must be internal
to the jet knots. A. A. Zdziarski & S. Heinz (2024) proposed
internal composition as an explanation for the differences in
properties and propagation distances of compact and transient jet
knots. Since the three jet knots were ejected at a similar time, their
difference in propagation speed and expansion rates could be the
result of different internal composition or internal magnetic
pressures. A difference in collimation of the jet knots may be
related to their formation mechanism (e.g., M. Sikora &
A. A. Zdziarski 2023). While we fit simple Gaussian models to
the jet knots, this is likely not a good description of the underlying
dynamics of the individual jet knots.
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Figure 4. MAXI/GSC light curves of Swift J1727.8—1613 during the
beginning and flaring period of the outburst, with light curves and dynamic
power spectra from HXMT in the LE (2-10 keV), ME (10-35 keV), and HE
(27-250 keV) bands, surrounding the bright flare on 2023 September 19 (MJD
60206). The color scale of the dynamic power spectra shows the fractional rms
normalized power. We note that we have adjusted the color scale to cut off the
maximum power to highlight the fainter features. The horizontal lines show the
16th and 84th percentile credible interval estimations of the ejection dates of
the three jet knots shown in Figure 2, corrected for the distance between the
measured core position and the central black hole, estimated from the 2.3 to
8.3 GHz core shift. The ejection of the three jet knots is coincident with the
bright X-ray flare and change in spectral and timing properties.

4.2. Jet Ejection

The ejection dates of the three transient jet knots are
coincident with the soft X-ray flare on 2023 September 19. This
was one of the brightest X-ray flares of the outburst, although
there were many other smaller flares during this period (see,
e.g., H. Zhu et al. 2024; J. Liao et al. 2024; and the first panel
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Figure 5. Constraints on the intrinsic jet speed and inclination for the three jet
knots shown in Figure 2, using Equation (1), assuming a distance of 3.7 £+ 0.3
kpc (D. Mata Sanchez et al. 2025). The lines use the median of the proper
motion posteriors, the dark shaded regions include only the uncertainty in
proper motion, while the light shaded regions also include the uncertainty in
distance. This does not imply that knots 1 and 2 can be traveling at the same
speed at the same inclination, since the knots must be at the same distance.

Table 2
Ejection and Zero-size Dates of the Moving and Expanding Jet Knots Shown in
Figure 2
Jet Knot Ejection Date (MJD) Zero-size Date (MJD)
Knot 1 60206.419.5 60206.78"0 16
Knot 2 60206.3611 60206.93730
Knot 3 60206.22 + 0.03 60206.5107

Note. We derive the dates using the medians of the marginal posterior
distributions as the best-fit parameters, and the 16th and 84th percentiles as the
uncertainties.

of Figure 4). During this period, only type-C QPOs were
detected, with no detections of type-B QPOs (A. Nandi et al.
2024; W. Yu et al. 2024; H. Zhu & W. Wang 2024;
H. Zhu et al. 2024). The presence of type-B QPOs is a
defining feature of the soft-intermediate state (T. M. Belloni &
S. E. Motta 2016), which suggests that during this period the
source never transitioned from the hard-intermediate state to
the soft-intermediate state, despite the ejection of transient jet
knots. This may imply that the presence of type-B QPOs is
more closely associated with the accretion inflow and not the
jet, and that their emergence may not be directly causally
linked to jet ejection. This might explain why previous
associations between jet ejection and the emergence of type-
B QPOs did not show a consistent sequence of events between
the changes in the X-ray timing properties and the ejection of
jets (R. P. Fender et al. 2009; J. C. A. Miller-Jones et al. 2012;
J. Homan et al. 2020; C. M. Wood et al. 2021).

Detailed studies of the QPO evolution during the flaring
period suggested that the origin of the QPOs in Swift
J1727.8—1613 is Lense—Thirring precession of the inner disk
(J. Liao et al. 2024; Q.-C. Shui et al. 2024), while other
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observations earlier in the outburst suggested the origin of the
QPOs to be the precession of the jet base (Z.-X. Yang et al.
2024). J. Liao et al. (2024) modeled a number of NICER
observations of an X-ray flare a few days prior to the 2023
September 19 flare to study the evolution of the inflows. They
suggested that during the flare, the soft X-rays were enhanced
as the inner disk rapidly extended inwards. Around this time,
the corona was suppressed, contracting vertically or being
ejected, and the hard X-rays were suppressed. There were no
high angular resolution observations that were able to resolve
any transient jet ejecta launched during this period. We
speculate that a similar evolution may have occurred during
the flare on 2023 September 19, with the ejection of the three
transient jets occurring as the inner disk extended inwards and
the corona was suppressed, with the corona then recovering as
the inner accretion disk radius increased back to a similar
radius to the beginning of the flare. Detailed modeling of the
HXMT observations is beyond the scope of this Letter. Given
that this period of the outburst included multiple bright X-ray
flares, these three jet knots are unlikely to be the only transient
knots launched during the outburst.

It is rare to observe both the compact core and transient jet
knots within the same observation. This may imply that the
core quenched when the transient jet knots were launched, and
it has now reestablished in the ~20 hr between their ejection
and this observation. A. K. Hughes et al. (2025) present total
flux density light curves that show that around the time of
ejection of the three jet knots, the overall flux density of the
source decreased by almost 1 order of magnitude at 10 GHz,
and the spectral index went from being flat to ~ —1, which
suggests significant (if not complete) quenching of the compact
jet prior to the transient jet launching. If the compact jet
quenched prior to the X-ray flare (e.g., J. S. Bright et al. 2020;
J. Homan et al. 2020), it may have begun to reestablish shortly
after the end of the flare when the QPO frequency decreased
and the X-ray spectrum rehardened. We note that in V404
Cygni, multiple transient jet knots were launched in a short
period of time while the core remained unquenched
{J. C. A. Miller-Jones et al. 2019).

It is not clear what processes led to the ejection of three
distinct jet knots, or even if these knots were ejected at three
distinct times. If knot 3 underwent deceleration before it
reached the separation at which we observed it, its inferred
ejection date would have been later. In this scenario, the jet
ejection could have coincided with the ejection of the other two
jet knots, perhaps in some single ejection event around the time
of the peak of the flare. The deceleration of transient jet knots
due to their interaction with the interstellar medium has been
seen at milliarcsecond scales (e.g., J. Yang et al. 2010;
J. C. A. Miller-Jones et al. 2011; A. P. Rushton et al. 2017),
and it cannot be ruled out here. We were unable to constrain
any intra-observational deceleration of any of the jet knots. The
position angles of the three jet knots are significantly different,
with a difference of 2° + 0.2 for knots 1 and 3. Even if they
were ejected at a similar time, they may not have collided and
interacted with each other close to their launch site. They may
have been ejected at separate, distinct times, although there was
no obvious repeated signature of ejection of three knots in the
X-ray light curves and power spectra.

The ejection of multiple distinct jet knots within a single
short period of time has been observed before in LMXB
outbursts. In MAXT J1820+070, two distinct jet knots traveling
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at drastically different speeds were ejected within a short period
around the time of a bright, soft X-ray flare and a sudden
change in the X-ray timing properties (J. Homan et al. 2020;
C. M. Wood et al. 2021). The MAXI J18204-070 ejecta were
launched as the system transitioned from the hard-intermediate
to the soft-intermediate states, a transition that did not occur
until much later in the outburst of Swift J1727.8—1613
(N. Bollemeijer et al. 2023; J. C. A. Miller-Jones et al.
2023). In a more extreme example, during a bright flaring
period of the 2015 outburst of V404 Cygni, 12 distinct jet knots
were observed to have been ejected during a single 4 hr period
(J. C. A. Miller-Jones et al. 2019), although the ejection of
these jet knots could not be associated with a clear X-ray
signature due to obscuration of the inner accretion disk
(S. E. Motta et al. 2017).

Although the precise causal connection between the changes
in the accretion inflow and the ejection of these three jet knots
is still unclear, this observation represents one of the most
precise associations between the ejection of transient jet knots
and signatures of drastic changes in the accretion inflow, with
an ejection date uncertainty of +40 minutes for knot 3. The
accretion /ejection association established in MAXI J1820
4070 was the result of monitoring of the trajectory of the
transient jet knots from milliarcsecond to arcsecond scales with
multiple instruments over hundreds of days (J. S. Bright et al.
2020), which yielded an ejection date uncertainty of
430 minutes (C. M. Wood et al. 2021). We have been able
to make similarly precise measurements of the ejection dates of
multiple jet knots from a single high-resolution VLBI
observation through the use of time-dependent self-calibrated
visibility model fitting. This is a reduction by 3 orders of
magnitude in the length of monitoring required to measure
transient jet ejection dates. High angular resolution observa-
tions of transient jet launching, analyzed using techniques
designed to capture the intrinsic variability of the jet knots,
accompanied by dense, contemporaneous X-ray monitoring,
are key to furthering our understanding of the accretion/
ejection connection in LMXBs. Techniques like these will be
necessary to study observations of Galactic X-ray binary jets
with next-generation facilities like ngEHT and ngVLA. These
instruments will observe with higher angular resolution, at
higher frequencies, and with higher sensitivity, resulting in a
drastic increase in the amount of intra-observational variability
that cannot be captured with traditional analysis techniques.
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Stingray (D. Huppenkothen et al. 2019; M. Bachetti et al.
2024).

Appendix

Figure 6 compares the single-frequency 8.3 GHz time-
resolved model to the underlying visibility data and the still
image reconstruction shown in Figure 1.
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Figure 6. The single-frequency time-resolved model to the 8.3 GHz data. An animated version of this figure is available. It shows the same image and model as
Figure 2. The left panel compares the time-evolving model to a static image of the observation, similar to Figure 2, but with the color of the model components
representing their flux densities, which are marked by the vertical lines on the color bar. The still frame shows the location, size, and flux densities of the model
components at the end of the observation. Unlike Figure 2, the image and model have not been rotated. In the right panel, we compare the measured visibilities in
black to the time-evolving model visibilities in red. The length of the video is 11 s, and it shows the evolution of the source over the course of 3 hr and 50 minutes.

(An animation of this figure is available in the online article.)
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