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Abstract

Multiwavelength polarimetry and radio observations of SwiftJ1727.8—1613 at the beginning of its recent 2023
outburst suggested the presence of a bright compact jet aligned in the north—south direction, which could not be
confirmed without high-angular-resolution images. Using the Very Long Baseline Array and the Long Baseline
Array, we imaged Swift J1727.8—1613 during the hard /hard-intermediate state, revealing a bright core and a large,
two-sided, asymmetrical, resolved jet. The jet extends in the north-south direction, at a position angle of
—0.60° £ 0.07° east of north. At 8.4 GHz, the entire resolved jet structure is ~110(d /2.7 kpc)/sin i au long, with
the southern approaching jet extending ~80(d /2.7 kpc)/sini au from the core, where d is the distance to the
source and i is the inclination of the jet axis to the line of sight. These images reveal the most resolved continuous
X-ray binary jet, and possibly the most physically extended continuous X-ray binary jet ever observed. Based on
the brightness ratio of the approaching and receding jets, we put a lower limit on the intrinsic jet speed of 3 > 0.27
and an upper limit on the jet inclination of i< 74°. In our first observation we also detected a rapidly fading
discrete jet knot 66.89 £ 0.04 mas south of the core, with a proper motion of 0.66 & 0.05 mashr™ ", which we
interpret as the result of a downstream internal shock or a jet—interstellar medium interaction, as opposed to a
transient relativistic jet launched at the beginning of the outburst.

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)

1. Introduction Typical BH LMXB outbursts begin in a rising hard state,

. MXE . where the radio emission is dominated by a compact, steady,
Black hole (BH) low-mass ?(-ray blnarle's.(l.g . s) are 1de;.11 partially self-absorbed, synchrotron-emitting, continuous jet
systems o study the launching of relativistic jets and their (e.g., Corbel et al. 2000; Fender 2001). These hard-state jets
connection to the processes of accretion, due to their proximity and ’ ' X e
il h i ales. Th ies of relativistic iet become quenched as the source moves toward the transition
variability on human timescales. the properties of relativistic jets into the soft state, via intermediate states, where bright, discrete
are strongly coupled to the properties of the accretion inflow, which

. . . . transient jet ejecta are often launched (see, e.g., Fender et al.
both evolve dramatically and rapidly during bright outbursts. 2004, for a review of jets and X-ray binary outbursts).>> The

Original content from this work may be used under the terms

e O'f the Creative C(?mrpons 'Attri'bution 4.0 licence. Any funher 23 Throughout this Letter, we refer to these continuous jets as “hard-state jets”
distribution of this work must maintain attribution to the author(s) and the title due to their historical association with the hard state, although they can persist
of the work, journal citation and DOL into the hard-intermediate state, but never into the soft state.
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hard-state jets are often called compact jets, due to their
appearance as bright, compact point sources in high-angular-
resolution observations. Resolved hard-state jets have only
been observed in a few BH X-ray binaries: the high-mass X-ray
binary Cyg X-1 (Stirling et al. 2001), and the LMXBs GRS
19154105 (Dhawan et al. 2000; Rib6 et al. 2004), MAXI
J1836-194 (Russell et al. 2015), and MAXI J1820+070
(Tetarenko et al. 2021).

High-angular-resolution observations of resolved hard-state
jets can provide independent probes of their fundamental jet
properties, complementing other methods such as radio and
infrared timing studies (e.g., Kalamkar et al. 2016; Malzac et al.
2018; Tetarenko et al. 2019, 2021), astrometry and core shift
measurements (e.g., Miller-Jones et al. 2021; Prabu et al.
2023), and broadband spectral modeling and spectral break
studies (e.g., Markoff et al. 2001; Corbel et al. 2002; Chaty
et al. 2011; Gandhi et al. 2011; Russell et al. 2014a; Péault
et al. 2019; Russell et al. 2020; Echiburd-Trujillo et al. 2024).

1.1. Swift J1727.8-1613

Swift J1727.8-1613 (hereafter J1727) was first detected on
2023 August 24 by Swift/BAT (Page et al. 2023), with follow-
up X-ray observations revealing it to be a new candidate BH
LMXB in the hard state at the beginning of a bright outburst
(Castro-Tirado et al. 2023; Kennea & Swift Team 2023;
Nakajima et al. 2023; Negoro et al. 2023a, 2023b; O’Connor
et al. 2023a, 2023b). Optical observations suggested that J1727
has a BH primary with an early K-type companion star, with an
orbital period of ~7.6 hr at a distance of d =2.7 £ 0.3 kpc.

Optical and near-infrared observations of J1727 during the
rising hard state at the beginning of the outburst showed that
the source was reddening, possibly due to the onset of a
compact hard-state jet (Baglio et al. 2023). Radio observations
from the Submillimetre Array (SMA), the Karl G. Jansky Very
Large Array, the enhanced Multi Element Remotely Linked
Interferometer (eMERLIN), and the Allen Telescope Array
(ATA) showed a bright, flat-spectrum, unresolved source
(Baglio et al. 2023; Miller-Jones et al. 2023; Vrtilek et al.
2023; Williams-Baldwin et al. 2023). Polarization observations
at X-ray wavelengths with the Imaging X-ray Polarimetry
Explorer (IXPE), at optical wavelengths with the 60cm
Tohoku telescope, at 230 GHz with the SMA, and at 5.5 and
9 GHz with the Australian Telescope Compact Array (ATCA)
revealed J1727 to be polarized across the electromagnetic
spectrum, with a position angle consistent with being aligned in
the north—south direction (Dovciak et al. 2023; Ingram et al.
2023; Kravtsov et al. 2023; Veledina et al. 2023; Vrtilek et al.
2023). These observations suggested that J1727 had a bright,
compact, hard-state jet aligned in the north—south direction.

In this Letter, we present four very-long-baseline inter-
ferometry (VLBI) observations with the Very Long Baseline
Array (VLBA) and the Long Baseline Array (LBA), which
reveal the highly extended, resolved, north—south jet of
J1727 during the hard /hard-intermediate state, as well as an
apparently disconnected discrete jet knot downstream. In
Section 2, we detail our observations, calibration, and
imaging procedures, and in Section 3 we present our images
and perform analysis on the jet, which we discuss in
Section 4.
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Figure 1. MAXI light curve of the evolution of Swift J1727.8-1613 at the
beginning of its 2023 outburst. The times of our four VLBI observations are
marked by the vertical lines, and their details are given in Table 1.

2. Observation, Calibration, and Imaging

Following the beginning of the outburst and the detection of a
bright radio counterpart (Miller-Jones et al. 2023), we observed
J1727 with the VLBA (project code BM538) at 8.37 GHz on
2023 August 30, as part of the Jet Acceleration and Collimation
Probe Of Transient X-ray Binaries (or JACPOT XRB; Miller-
Jones et al. 2011b) program. Following that observation, we
observed ~4hr later with the LBA (project code V456) at
8.44 GHz, and then twice more on 2023 September 4 and
September 6. Figure 1 shows the timing of our observations
during the beginning of the outburst as seen by the Monitor of
All-sky X-ray Image (MAXI; Matsuoka et al. 2009) mission.**
The observation details can be found in Table 1. Further VLBI
observations of the evolution of J1727 throughout its outburst
will be presented in a future paper (C. M. Wood et al. 2024, in
preparation).

For the VLBA, 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 (Charlot et al. 2020). We observed
geodetic blocks (Reid et al. 2009) for ~30 minutes at the beginning
and end of the observation to improve astrometric calibration. For
the LBA, we used ICRF J192451.0-291430 (B1921-293; Charlot
et al. 2020) as a fringe finder. In order to maximize signal-to-noise
on the long baselines for phase calibration, we swapped the phase
reference and check sources for the LBA. The data were correlated
using the DiFX software correlator (Deller et al. 2007, 2011), and
calibrated according to the standard procedures within the
Astronomical Image Processing System (AIPS, version 31DEC22;
Wells 1985; Greisen 2003). After 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 J1727. We also performed
a single round of amplitude self-calibration to get most accurate
time-varying amplitude gain calibration, which we applied to
J1727. To match the flux density scales of the VLBA and the LBA,
we used the VLBA map of J1724-2914 to derive a global

2 http:/ /maxi.riken.jp/
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Table 1
VLBI Observation Log of the Swift J1727.8—-1613 Hard-state Jet
Label Date Time MID Telescope Observation Frequency Bandwidth Stations”
(2023) (UTC) (Midpoint) Code (GHz) (MHz)
VLBA Aug 30 00:32:46-03:20:37 60186.08 VLBA BMS38A 8.37 512 FD, HN, KP, LA,
MK, NL, OV, SC
LBAIL Aug 30 07:05:56-12:46:35 60186.41 LBA V456H 8.44 64 CD, HB, KE, MP,
PA, WW
LBA2 Sep 4 06:35:56-12:19:59 60191.39 LBA V4561 8.44 64 AT, CD, HB, KE,
MP, PA, WW
LBA3 Sep 6 06:36:02-12:19:59 60193.39 LBA V456] 8.44 64 AT, CD, MP, PA,
wWwW
Note.

# LBA stations: CD = Ceduna, HB = Hobart 12 m, KE = Katherine, MP = Mopra,

amplitude gain solution for each LBA antenna intermediate
frequency (IF) channel, and polarization to scale the a priori
amplitude gains approximated from the zenith system equivalent
flux densities. We used the VLBA and LBA scans of J1721-1628
to confirm that the LBA flux density scale matched the VLBA to
within 5%.

We imaged J1727 within AIPS using the CLEAN algorithm
(Hogbom 1974) with natural weighting to maximize sensitiv-
ity, and we performed multiple rounds of phase-only self-
calibration followed by a single round of amplitude self-
calibration to obtain the final images.

3. Images and Analysis

Figure 2 shows the VLBA image of J1727 from 2023
August 30, which reveals a bright core with a highly resolved,
asymmetric jet extending in the north—south direction, and a
discrete jet knot to the south at a separation of 66.7 £ 0.2 mas
from the core (which we later refined with visibility modeling).
The extended continuous structure is a total of ~40mas in
length, with the southern and northern jets extending ~30 and
~10 mas from the core, respectively.

We measured the position of the core in the VLBA image by
fitting a point source to the brightest region of the jet using the
AIPS task JMFIT, prior to applying any phase self-calibration.
This gave a position (in the FKS5 reference frame and the J2000
equinox) of

R.A. = 17"27™43% 3135784 + 0.0000065,
Decl. = —16°1219.718042 + 0.00033,

where the errors are the 1o statistical errors reported by AIPS
added in quadrature with the estimated VLBA systematic
astrometric errors (Pradel et al. 2006), and assuming the position
of J1721-1628 to be R.A.=17"22"563498932 =+ 0.000077,
decl.=—16°30"19.” 26363 £ 0.00072.

By fitting a constant position angle to the locations of the
positive flux density CLEAN components in the VLBA
observations, we measured the position angle of the jet to be
—0.60° +0.07° east of north. This is consistent with the
position angle from the core to the southern discrete jet knot.
The jet is unresolved perpendicular to the jet axis for its entire
length, so based on the size of the beam and the length of the
jet, we place an upper limit on the apparent jet half-opening
angle of <0.5°.

In Figure 3, we show all four observations of the resolved jet
of J1727. These observations similarly show a bright core with

PA = Parkes, WW = Warkworth 30 m, AT = ATCA.

an extended jet at the same position angle, however the LBA
images have poorer angular resolution than the VLBA image,
and thus we only resolve the southern jet. We do not see the
southern discrete jet knot in any of the LBA observations. We
summarize the observed peak and integrated flux densities of
the observations in Table 2. The integrated flux density of the
jet decreased from the first observation to the final two
observations.

The LBA was slightly more sensitive to diffuse emission
than the VLBA, which explains why we recovered slightly
more emission at the tip of the southern jet in the first LBA
observation than with the VLBA. By imaging the VLBA
observation with only the shortest baselines, we were unable to
detect any more diffuse emission between the extended jet and
the discrete jet knot. We note that the VLBA was missing the
Pie Town station, and therefore lacked a few key short
baselines, which could explain why we only partially detect the
diffuse emission at the tip of the southern continuous jet,
causing its knotty appearance. The measured flux densities
from our first two observations are consistent with the
observations from eMERLIN and the ATA on 2023 August
29 and August 30, respectively (Bright et al. 2023; Williams-
Baldwin et al. 2023), to within the ~10% amplitude calibration
uncertainties, suggesting that we have recovered most of the
emission of the jet of J1727 in our observations.

For symmetric, continuous, steady-state jets inclined to the
line of sight, the approaching and receding jets should be
approximately symmetric, however the apparent surface
brightness of these jets will be asymmetric due to relativistic
aberration. The flux density ratio of approaching and receding
continuous jets is given by

S, (1 i ﬁcosi)z“‘

1 — Bcosi

S, (1)
where S, and S, are the flux densities of the jets at an equal
angular separation from the core, and « is the spectral index of
the jets (S, ocv®; Ryle & Longair 1967; Scheuer & Read-
head 1979; Mirabel & Rodriguez 1999). The emission from the
receding jet will fall below the noise limit of an observation at a
smaller separation than the approaching component, which
explains the asymmetry seen in our images if the northern jet is
receding and the southern jet is approaching.

Since the receding jet was only resolved in the VLBA
observation, we used this observation to constrain the flux
density ratio. The CLEAN components for the northern jet
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Figure 2. First VLBI image of SwiftJ1727.8-1613 with the VLBA. The
contours mark £o X \/5" mly beam’l, where n = 3,4, 5, ..., and o is the rms
noise shown in the lower left of the image. The ellipse in the lower-right corner
shows the synthesized beam. The image shows a bright core with highly
resolved (~40 mas) apparently asymmetric bipolar jets extending in the north—
south direction, and a discrete jet knot to the south at a separation of
66.7 + 0.2 mas from the core at a position angle of 179.4° 4+ 0.15° east of
north.

terminated at a separation of 6.5 mas from the core, and so we
integrated the flux density of the CLEAN components along the
northern and southern jets from 3 to 6.5 mas separation from the

Wood et al.

core. We chose the lower limit of 3 mas to avoid the emission of
the unresolved core (see Appendix). This yielded a flux density
ratio of 4.8 £+ 0.4, which gave 5 cosi = 0.29 £ 0.03, assuming
a spectral index of o =—-0.6 £ 0.2 (since the extended jet should
be optically thin beyond the core).

3.1. Modeling the Southern Knot

By separately imaging the first and second halves of the
VLBA observation, we found that the southern knot appeared
to be moving away from the core. We were able to precisely
measure this motion by implementing the time-dependent
model-fitting procedure described in Wood et al. (2023), where
we fit a time-evolving model directly to the measured
visibilities using the Bayesian inference algorithm nested
sampling (Skilling 2006) imsplemented in the dynesty Python
package (Speagle 2020).”> Before modeling the knot, we
subtracted the CLEAN components of the extended jet from
the visibilities to create a residual observation containing only
the southern knot. We then fit an analytical model directly to
these residual visibilities, consisting of a circular Gaussian with
fixed size moving away from the core at a fixed position angle
(0) with a constant speed (7). We allowed the flux density (F)
of this component to vary linearly within the observation. The
flux density evolved as

F(t) = Fy+ F(t — 10), 2)
and the position of the knot relative to the core as
Ax(t) = (ro + 7(t — tp))sinf 3)
and
Ay(t) = (ro + 7(t — ty))cosb, 4

where 7, is the reference time chosen as the approximate
midpoint of the observation (02:00:00 UTC on 2023 August
30), ro is the separation of the jet knot from the core (in
milliarcseconds) at the reference time, and Ax and Ay are in
the directions of positive R.A. and decl., respectively (in
milliarcseconds). We placed Gaussian priors on the separation
of the jet knot at the reference time, and its position angle,
based on the location of the knot in the image. We placed
uniform priors on all other parameters. The prior distributions
are listed in Table 3 along with the posterior estimates. We also
tried models that included linear expansion of the jet knot, but
found that the expansion speed was consistent with zero.
Similarly, we were unable to measure any intra-observational
deceleration. We also found that models with exponential or
power-law flux density decays were indistinguishable from a
linear decay model on the timescale of the ~3 hr observation.

We found that the knot was clearly resolved, and was
moving away from the core at a proper motion of
7 = 0.66 = 0.05 mas hr_l, at a position angle consistent with
the extended jet position angle. We found that the jet knot was
rapidly decaying over the observation, which explains why we
do not see the knot in the first LBA observation ~4 hr later.
Using the separation of the knot and its ballistic speed, we
calculated an ejection date of MJD 60181.8 £ 0.2, although in
Section 4.4 we argue that this knot is not a discrete transient jet.
The separation and FWHM size of the jet knot in the VLBA

% https: //github.com/joshspeagle/dynesty


https://github.com/joshspeagle/dynesty

THE ASTROPHYSICAL JOURNAL LETTERS, 971:L9 (10pp), 2024 August 10

Intensity (mJy beam™!) Intensity (mJy beam™1)

Wood et al.

Intensity (mJy beam™1) Intensity (mJy beam™1)
20

0 10 20 30 0 20 40 0 20 40 0 40
10 r 0 g N 7o 10 10
mas , s 3 - mas mas mas
7
v
N
\
2 0 v
0
A
v
2023-08-30 2023-08-30 2023-09-04 2023-09-06
0=0.14 mJy beam™* 0=0.37 mJy beam™! 0=0.10 mJy beam™! 0=0.27 mJy beam™!
VLBA LBA1l LBA2 LBA3

Figure 3. VLBI images of the resolved jet of Swift J1727.8-613 during the hard state. The contours mark £0 x /2" mJy beam™', where n = 3,4, 5, ..., and o is the
rms noise shown in the lower-left of each image. The ellipse in the lower-right corner of each image shows the synthesized beam. The observation parameters can be
found in Table 1 and the image parameters can be found in Table 2. The jet is resolved over multiple epochs during the hard state, but appears less extended as the

source moves toward the hard-intermediate state.

observation (see Table 3) give a projected half-opening angle
of 0.822° £0.021°.

To ensure that the process of self-calibration was not
corrupting or inducing any false variability in the data, we
performed the subtraction and modeling process on versions of
the observation without any self-calibration, after phase-only
self-calibration, and after amplitude and phase self-calibration.
We found that the position and motion of the knot was
consistent between all three self-calibration scenarios, and that
the size and flux density changed slightly after amplitude self-
calibration. We also found marginal evidence of expansion in
the observation containing amplitude self-calibration, however
we only report the model parameters from the fit to the
observation containing phase-only self-calibration, since we
could not confirm that the amplitude self-calibration was not
inducing false structure and variability in the jet knot.

4. Discussion

We have observed the highly resolved jet of SwiftJ1727
over four epochs with the VLBA and the LBA. The jet is
continuous, extended, apparently asymmetrical, and aligned in
the north—south direction. In the first observation there was also
a discrete jet knot moving away from the core to the south,
which does not appear in the subsequent observations. We
were able to constrain the motion and flux density variability of
the jet knot with time-dependent visibility model fitting.

4.1. Core Location

We measured the location of the bright core in the VLBA
image, which is likely consistent with the location of the central
BH. In Cyg X-1, where the base of the jet is highly free—free
absorbed by the strong stellar wind of the supergiant
companion (see, e.g., Miller-Jones et al. 2021), the distance
between the BH and the synchrotron photosphere (where the

compact “core” emission originates from) is between ~1 and
3 x 10" cm at 8.4 GHz (Zdziarski et al. 2023). Accounting for
the scaling of the photosphere distance (zp) with luminosity as
Zp X L;O"” (Heinz 2006; Zdziarski et al. 2023), this would
correspond to a distance of no more than 1-3 mas downstream
from the location of the BH in J1727, which is within the beam
of the VLBA observation projected along the jet axis. Here we
have assumed that J1727 has a similar opening angle,
inclination angle, and jet speed to Cyg X-1. If the inclination
of the jet in J1727 is larger than the normalization in Zdziarski
et al. (2023; i =27.5°) then this distance will be smaller. Since
J1727 contains an early K-type dwarf companion (Mata
Sanchez et al. 2024), the jet is not absorbed by a strong stellar
wind, and thus this is a very conservative upper limit on the
distance from the BH to the jet photosphere.

We also saw no evidence of a systematic shift in the position
of the core as the jet faded. We note that we had to correct for a
slight offset due to the different phase calibrators for the VLBA
and LBA. Subsequent observations with the VLBA later in the
outburst as the extended jet contracted and transient ejecta were
launched showed no significant shift in the location of the core
(C. M. Wood et al. 2024, in preparation). This suggests that the
distance between the photosphere and the central BH is not
significant compared to the size of the restoring beam.

Any core offset in J1727 leads to an increased brightness ratio,
which essentially increases the intrinsic jet speed at a given jet
inclination (i.e., the brightness ratio curve constraint shifts right
in Figure 5). Although we do not believe there is evidence for a
significant core offset, here we report the changes for an offset of
I mas. In such a case the estimated brightness ratio would
increase to 7.1 0.8, and 3 cosi = 0.36 £ 0.03, which would
slightly increase the lower limit on the intrinsic jet speed and
decrease the upper limit on the jet inclination (see Section 4.3).
We emphasize that such a change has no strong impact on the
interpretations of this Letter.
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Table 2
Summary of the Jet Image Parameters from Figure 3

Observation Integrated Flux Density Core Flux Density Beam Dimensions Beam Position Angle
(mly) (mly) (mas) x (mas) (Degrees east of north)

VLBA 101 + 10 46 £5 39 %09 —15.7

LBAI 90 £+ 16 6416 73 x33 17.7

LBA2 71+8 58+6 7.6 x 4.7 14.0

LBA3 75+8 65+7 9.9 x 1.7 6.5

Notes. The core flux density is calculated by fitting a point source to the core. Here we add a 10% amplitude calibration error in quadrature with the 1o statistical errors
reported by AIPS. The statistical error in the integrated flux density is given by o/ Nyeam » Where o is the rms noise in the image and Npean, is the number of independent

beams in the integrated area.

Table 3
Prior Distributions and Posterior Estimates for the Moving Jet Knot in the
VLBA Observation in Figure 2, Using Equations (2)—(4)

Parameter Prior Distribution Posterior Estimate
Fy (mly) U(min = 0, max = 10) 4.60 + 0.10
F (mly hrh) U(min = —10, max = 10) —1.11 £0.09
FWHM (mas) U(min = 0, max = 10) 1.92 4+ 0.05
ro (mas) N =65,0=25) 66.89 + 0.04
7 (mas hr™") U(min = 0, max = 10) 0.66 + 0.05
0 (Degrees east of north) N =180, 0 = 5) 179.24 £ 0.02

Notes. The reference time is defined as 02:00:00 (UTC) on 2023 August 30,
which is approximately the midpoint of the observation. We report the median
of the marginal posterior distributions as the best-fit parameters, and the 16th
and 84th percentiles as the uncertainties.

4.2. Resolved Jet

The VLBA image of J1727 (Figure 2) is the most resolved
image of an X-ray binary hard-state jet. Cyg X-1 and GRS
19154105 are the only other X-ray binaries with a hard-state
jet that has been resolved in an image over multiple synthesized
beams (Dhawan et al. 2000; Stirling et al. 2001; Rib6 et al.
2004). Assuming a distance to J1727 of 2.7 + 0.3 kpc (Mata
Sanchez et al. 2024), the size of the entire resolved jet structure
(including the receding jet) was ~110/sini au, and the extent
of the approaching jet was ~80/sini au, or 5 x 108/sini r,
(assuming a BH mass of 8 M.; Kreidberg et al. 2012). X-ray
polarization observations of J1727 with IXPE suggested that
the inclination of the inner accretion flow is between ~30° and
60° (Veledina et al. 2023). Therefore, the physical extent of the
approaching resolved jet of J1727 on 2023 August 30 is
between ~95 and 160 au, or ~(0.6-1) x 10° Ig.

The two-sided jets of both GRS 1915+105 and Cyg X-1
have been resolved at 8.4 GHz (Dhawan et al. 2000; Rib6 et al.
2004; Miller-Jones et al. 2021). The approaching jet of Cyg
X-1 has been detected out to an extent of ~50 au (Stirling et al.
2001; Miller-Jones et al. 2021). In 1997, the approaching jet of
GRS 19154105 was detected out to ~16 au (updated with the
most recent distance constraint; Dhawan et al. 2000; Reid &
Miller-Jones 2023), and in 2003 the jet was measured to be
<150au (Rib6 et al. 2004; with the upper limit due to
interstellar scatter broadening). The approaching jet of MAXI
J1836-194 (which has a poorly constrained distance and
inclination) was marginally resolved at 8.4 GHz during the
decay of its 2011 outburst, with an extent of ~7-115au
(Russell et al. 20144, 2014b, 2015). The approaching hard-state
jet of MAXI J1820+4-070 was marginally resolved at 15 GHz,
corresponding to a physical extent of ~3 au at 8.4 GHz (scaling

the size as z & 1/v; Blandford & Konigl 1979; Tetarenko et al.
2021).

The hard-state jet of J1727 was detected out to a further
extent than the hard-state jets of Cyg X-1 and GRS 19154105
in its 1997 flare, and MAXI J1820+070. Depending on
inclination, the resolved hard-state jet of J1727 may also have
been larger than the jet of GRS 1915+105 during its 2003 flare,
and the decaying hard-state jet of MAXI J1836-194, and
therefore J1727, may have had the most extended hard-state jet
ever observed in an X-ray binary. The extent of a resolved
hard-state jet is the distance from the core at which the surface
brightness of the expanding jet material falls below the noise
limit. This depends on both the physical properties of the jet
(e.g., opening angle, jet speed, jet content, magnetic field
strength, and jet internal structure), as well as the observation
parameters, particularly the angular resolution, the overall
sensitivity, and the sensitivity to diffuse structure.

Our measured position angle of both the extended jet and the
jet knot is consistent with the radio, millimeter, and X-ray
polarization position angles of J1727, which we compare in
Figure 4. These measurements are also consistent with the
more poorly constrained optical polarization orientation
(Kravtsov et al. 2023). These measurements suggest that
structures in the accretion flow, the jet base, and the
downstream jet are aligned to within a few degrees in the
plane of the sky.

Between the observations on 2023 August 30 and September
4 and 6, the extended continuous jet became fainter and less
extended, while the core remained relatively constant. We note
that the noise level in the observations changes, and thus the
distance from the core to which we could detect an identical jet
in each observation is different. Our LBA observations did not
have sufficient angular resolution and sensitivity to resolve the
counter jet, and so we cannot comment on how the jet speed
changed as the compact jet faded. We cannot use the lack of a
detected counter jet to place a lower limit on the brightness
ratio, since the northern jet in the VLBA image can be
completely contained within the beam of the subsequent LBA
observations. Given the changing resolution of the observa-
tions, we also cannot meaningfully compare the peak intensity
of the unresolved core across the epochs.

4.3. Intrinsic Jet Speeds

Without observing a northern counterpart to the southern jet
knot, we cannot uniquely constrain the intrinsic speed and
inclination of the source. However, we can constrain possible
combinations of § and i. The proper motion of the approaching
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SMA (Sep 04)
ATCA (Sep 28)
IXPE (Sep 07/08)

IXPE (Sep 16/17)
IXPE (Sep 27/28)
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Figure 4. Comparison of polarization angles and the position angle of the
resolved jet of Swift J1727.8-1613. The background image is the same as
shown in Figure 2. We plot the polarization measured by the Sub-Millimeter
Array at 1.3 mm (SMA; Vrtilek et al. 2023), the Australia Telescope Compact
Array (ATCA) at 5.5 and 9 GHz (Ingram et al. 2023), and the Imaging X-ray
Polarimetry Explorer (IXPE; Dovciak et al. 2023; Ingram et al. 2023; Veledina
et al. 2023). The shaded arcs represent the reported 1o error intervals, with the
lines showing their nominal values. The polarization observations span the hard
and hard-intermediate states and are consistent with the north—south orientation
of the resolved jet in our VLBI observations.

jet knot, p, is related to the intrinsic speed of the jet knot, (3, by
Bsini ¢

=" 5
1 — Bcosid’ ©)

I

where i is the inclination angle of the jet to the line of sight, d is
the distance to J1727(2.7 = 0.3 kpc; Mata Sanchez et al. 2024),
and c is the speed of light (Mirabel & Rodriguez 1999). We
cannot use the nondetection of a receding counterpart to set an
upper limit on the flux density ratio to constrain 3 cos i, since
we need to measure the flux densities when the jets are at equal
separations (i.e., at the same age) since the jets vary in
brightness as they move downstream (Miller-Jones et al. 2004).

In Figure 5, we plot the possible values of 3 and i for both the
extended jet and the jet knot, using Equations (1) and (5),
respectively. These constraints place a lower limit on the
intrinsic jet speed of both the continuous and discrete jet knot of
£62>027 and (3> 0.2, respectively. The brightness ratio also
gives an upper limit on the jet inclination of i < 74°. Although
they do not have to share the same intrinsic speed, assuming that
the discrete jet knot and the continuous extended jet are at the
same inclination (i.e., assuming no rapid large-scale precession
of the jet axis, as in V404 Cygni; Miller-Jones et al. 2019), then
their intrinsic speeds are consistent within 1o in the interval
i~27°-37°. In the inclination range favored by X-ray
polarization measurements (i ~ 30°-60°; Veledina et al. 2023),
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Figure 5. Constraints on the intrinsic speed and inclination of the extended and
discrete jets seen in the VLBA observation in Figure 2. The solid lines show
the nominal values and the shaded areas show the 1o uncertainties. We derive
these constraints from the brightness ratio of the approaching and receding
arms of the extended jet (Equation (1)) and the proper motion of the southern
jet knot (Equation (5)). The brightness ratio puts an upper limit on the jet
inclination and a lower limit on the intrinsic speed of the continuous jet.

the jet knot is moving at the same speed or slower than the
continuous jet.

4.4. Southern Jet Knot

While the nature of the jet knot is unclear, there are multiple
potential scenarios. The most likely explanation is that the jet
knot is the result of in situ particle acceleration in the
downstream continuous jet that produced synchrotron emis-
sion. Although the approaching extended jet expanded and
faded beyond detection at a separation of ~30mas, the jet
material will continue to propagate downstream until it loses its
energy and momentum to the surrounding medium. An internal
shock could be the result of the collision of fast-moving jet
material with previously ejected slower-moving jet material.
Internal shock models have been used in the past to explain
both compact steady jets and discrete transient jets (Jamil et al.
2010; Malzac 2014; Malzac et al. 2018). A short-lived internal
shock could explain why the jet knot was fading rapidly and
was not seen in subsequent observations. This model only
requires a change in the jet speed of the continuous jet as it
extends outwards during the rise of the outburst. In this
scenario, the jet knot does not have to be traveling at the same
speed as the continuous jet.

Alternatively, the particle acceleration could be due to a
collision between the continuous jet and a dense interstellar
medium (ISM). The discrete knot may have then been the
“leading edge” of the extended jet as it advanced outwards
through the ISM. Under this scenario, and assuming ballistic
motion, the continuous jet would have began extending
outwards from the core on MJD 60181.8 +0.2, which
coincides with the peak of the initial hard-state X-ray rise. If
the jet knot was decelerating, then the “launch date” would
have occurred later. In situ particle acceleration due to the
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interaction between transient jets and the ISM has been
observed to cause downstream rebrightening in multiple
sources (e.g., Corbel et al. 2002, 2005; Migliori et al. 2017;
Espinasse et al. 2020), as well as downstream deceleration of
the jet at both arcsecond and milliarcsecond scales (e.g., Corbel
et al. 2002; Yang et al. 2010; Miller-Jones et al. 201 1a; Russell
et al. 2019; Espinasse et al. 2020; Carotenuto et al. 2022;
Bahramian et al. 2023), which may be the case here if the
inclination of the jet axis is 237°. This interaction between the
continuous jet and the ISM would have required a dense local
environment, which can be probed by observations of the
motions of transient ejecta launched later in the outburst. This
explanation does not account for the rapid fading of the jet knot
during the VLBA observation, as the steady continuous jet
should have continued to interact with the dense ISM across all
of the observations.

A less likely explanation is that knot was a discrete transient jet,
which traveled ballistically away from the core after being ejected
on MJD 60181.8 0.2 (or later if the knot was decelerating),
similar to those that are often seen in other BH LMXBs (e.g.,
Mirabel & Rodriguez 1994; Hjellming & Rupen 1995; Tingay
et al. 1995; Miller-Jones et al. 2012; Bright et al. 2020;
Carotenuto et al. 2022). These transient jets fade and become
optically thin as they expand, which could explain the fading of
the jet knot observed here. In other X-ray binaries, these types of
jets are ejected at the peak of the outburst, during the state
transition (Fender et al. 2004, 2009). In this scenario, this would
be the earliest time in a BH LMXB outburst that a transient jet has
been seen to have been ejected, occurring at the peak of the hard
state (see Figure 1). Furthermore, these ejection events have
previously been associated with specific X-ray signatures that
correspond to changes in the inner accretion flow such as bright
X-ray (and accompanying radio) flares, as well as a dramatic
change in the X-ray spectral and timing properties (e.g., Fender
et al. 2009; Miller-Jones et al. 2012; Russell et al. 2019; Homan
et al. 2020; Wood et al. 2021). J1727 did exhibit many of these
behaviors later in the outburst during the state transition; however,
despite relatively intensive monitoring, no such clear signature of
ejection was identified at the beginning of the outburst. An
explanation for the jet knot that involves the reacceleration of
material in the outflowing continuous jet does not require the
ejection of a discrete transient jet knot during the hard/hard-
intermediate state, and is more consistent with the current
understanding of jet evolution during BH LMXB outbursts.
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Appendix
Hard-state Jet Profile

To investigate the brightness ratio of the extended jet in
Figure 2, we extracted intensity profiles down the northern and
southern jets. We first rotated the image of the jet so that it
aligns vertically, and then took one-dimensional cross sections
of the northern and southern jets every 1.05 mas downstream
from the core (7 pixels). We fit these cross sections with a one-
dimensional Gaussian profile to measure the intensity of the
approaching and receding jets as a function of separation from
the core, which we show in Figure 6. We fitted the Gaussian
profiles to the pixel intensities using nonweighted least-squares
regression with scipy.optimize.curve_fit, where we
report the intensity of the jet as the amplitude of the Gaussian
profile.%° To calculate the uncertainty in the intensity, we added
in quadrature the reported 1o statistical uncertainty from the fit
(extracted from the diagonal elements of the covariance
matrix), the rms noise in the image, and a 10% calibration

26 hitps: //docs.scipy.org/doc/scipy /reference /generated /scipy.optimize.
curve_fithtml
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Figure 6. Intensity profile along the northern and southern jets as a function of
separation from the core in the VLBA observation of SwiftJ1727.8-1613
shown in Figure 2. The intensity profiles are calculated by fitting one-
dimensional Gaussians perpendicular to the jet axis at intervals of ~1 mas. The
dashed line shows the contribution from the core, calculated by multiplying the
intensity of the core by the profile of the restoring beam along the jet axis, with
the shaded region showing its uncertainty (derived from the fit).

error. In Figure 6, we also show the contribution of the
unresolved core by taking the one-dimensional profile of the
restoring beam along the jet axis multiplied by the fit intensity
of the core. The contribution from the unresolved core drops
below the 5o limit at a separation of ~3 mas. We note that the
measurements are correlated along the jet and across the core,
since the true intensity profile of the jet is convolved with the
Gaussian restoring beam. This explains why the decay of the
northern jet is much steeper than the southern jet, since at
smaller separations the convolution with the beam across the
core causes the intensity to be biased upwards.
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