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ABSTRACT

Black hole low mass X-ray binaries (BH LMXBs) can launch powerful outflows in the form of discrete ejecta. Observing
the entire trajectory of these ejecta allows us to model their motion with great accuracy and this is essential for measuring
their physical properties. In particular, observing the final deceleration phase, often poorly sampled, is fundamental to obtain a
reliable estimate of the jet’s energy. During its 2019/2020 outburst, the BH LMXB MAXI J1348-630 launched a single-sided
radio-emitting jet that was detected at large scales after a strong deceleration due to the interaction with the interstellar medium
(ISM). We successfully modelled the jet motion with a dynamical external shock model, which allowed us to constrain the
jet initial Lorentz factor 'y = 1.857(}3, inclination angle 8 = 29.3%37 deg, and ejection date f; = 21.5735 (MID-58500).
Under simple assumptions on the jet opening angle and on the external ISM density, we find that the jet has a large initial
kinetic energy Ey = 4.61”%940 x 10% erg, far greater than what commonly measured for LMXBs from the jet’s synchrotron
emission. This implies that discrete ejecta radiate away only a small fraction of their total energy, which is instead transferred
to the environment. The jet power estimate is larger than the simultaneous available accretion power, and we present several
options to mitigate this discrepancy. We infer that MAXI J1348-630 is likely embedded in an ISM cavity with internal density
n = 0.001070:9503 cm~> and radius R. = 0.6170:3¢ pc, which could have been produced by the system’s previous activity, as
proposed for other BH LMXBs.

Key words: accretion, accretion discs —black hole physics —binaries: general —stars: individual: MAXI J1348-630 — ISM: jets

and outflows —radio continuum: stars — X-rays: binaries.

1 INTRODUCTION

Accreting black holes (BHs) in low mass X-ray binaries (XRBs)
spend most of the time in a steady, quiescent state and enter
into sporadic outburst phases during which their accretion rate
and luminosity dramatically increase over timescales of weeks to
months (Corral-Santana et al. 2016; Tetarenko et al. 2016). While
in outburst, BH XRBs cycle through a number of accretion states
that are characterized by very different X-ray spectral and timing
properties, allowing us to study the same object over the full range
of accretion regimes on human timescales (e.g. Fender, Belloni &
Gallo 2004; Remillard & McClintock 2006; Belloni & Motta 2016).
In these systems, also called microquasars, a significant fraction of
the disk mass, not advected into the BH event horizon, is channelled
into powerful, relativistic jets. Self-absorbed synchrotron radiation
from collimated, compact jets is generally detected in the hard X-ray
state, as these outflows are observed from the radio to near-infrared
bands (Corbel et al. 2000; Fender 2001), and possibly up to the optical
band (Russell et al. 2006). Such jets are strongly coupled to the inner
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accretion flow and respond to changes in the accretion rate of the
system, as deduced from the strong correlation that exists between
the radio and X-ray luminosities of BH XRBs in the hard state (e.g.
Hannikainen et al. 1998; Corbel et al. 2000; Gallo, Fender & Pooley
2003; Carotenuto et al. 2021b).

Perhaps the most spectacular feature of BH LMXBs is the
launch of discrete ejecta, which are bipolar blobs of plasma moving
away from the core, often displaying apparent superluminal motion,
similarly to what is observed in AGN (e.g. Marscher et al. 2002;
Goémez et al. 2008). While all BH LMXBs are thought to produce
jets, resolved discrete ejecta have been observed in radio in a dozen of
sources so far (e.g. Mirabel & Rodriguez 1994; Hjellming & Rupen
1995; Fender et al. 1999; Mioduszewski et al. 2001; Gallo et al.
2004; Yang et al. 2010; Rushton et al. 2017; Miller-Jones et al. 2019;
Russell et al. 2019a; Bright et al. 2020; Carotenuto et al. 2021a).
For some of them, both the approaching and receding components
have been detected, while for a large fraction of sources, only one
component (usually the approaching one, due to Doppler boosting)
was observed. Discrete ejecta have been observed also in neutron
star LMXBs (e.g. Sco X-1 and Cir X-1, Fomalont, Geldzahler &
Bradshaw 2001; Calvelo et al. 2012).

After launch, the ejecta display a first phase of adiabatic expansion,
producing strong radio flares and appearing to leave the system at
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constant, high velocities (close to ¢). Throughout their evolution, the
plasma bubbles emit synchrotron radiation at radio wavelengths and
their optical depth decreases as the physical size increases (van der
Laan 1966; Fender & Bright 2019), up to displaying an optically thin
spectrum, with a spectral index o >~ —0.6 (e.g. Corbel et al. 2002),
where the radio flux density follows S, oc v¥.

However, for the majority of the discrete ejecta observed so far,
the jet motion has only been partially observed, mostly focusing on
the initial motion after ejection, in which we usually resolve at small
scales (i.e. close to the BH) the ejecta travelling at constant speeds.
But after this first phase, the jets can travel unseen for months to
years, before being detected again at large (parsec) scales, with the
emission coming from their interaction with the surrounding ISM.
Such interaction causes the jets to strongly decelerate and produces
broad-band (from radio to X-rays) synchrotron radiation from in situ
particle acceleration, up to TeV energies (e.g. Corbel et al. 2002;
Espinasse et al. 2020). Decelerating discrete ejecta at large scales
have been so far only detected in a handful of sources (Kaaret et al.
2003; Tomsick et al. 2003; Corbel et al. 2005; Miller-Jones et al.
2007; Yang et al. 2010; Miller-Jones et al. 2011; Russell et al. 2019a;
Espinasse et al. 2020; Carotenuto et al. 2021a). However, following
the jet deceleration phase is turning out to be particularly important to
improve our understanding of their production, energetics, dynamics,
and impact on the surrounding environment. Covering the last phase
of the jets evolution allows us to obtain a complete picture of their
motion, and this in turn enables us to fully model their evolution with
physical models (e.g. Steiner & McClintock 2012). It is then possible
to infer the jet physical parameters, such as the true jet speed, energy,
inclination angle, and mass. In particular, the jet initial energy is a key
parameter, as today the total energy budget of these jets is unknown.
Constraints on the minimum energy can be obtained by considering
the synchrotron emission at the initial radio flares (Longair 2011;
Fender & Bright 2019). However, such estimates (often between
10*° and 10* erg) are likely to largely underestimate the total energy
content of the jet (Steiner & McClintock 2012; Bright et al. 2020).
In addition, there is large uncertainty on the jet matter content (e.g.
Romero et al. 2017), and the knowledge of the jet mass and energy
can be particularly useful for understanding the jet composition.

Modelling the jet motion is also of prime importance to precisely
constrain the time of ejection, which is fundamental to put the
transient jet launch in context with the other multi-wavelength
observational signatures and to have a comprehensive view of the
source evolution during the state transition. The ejection time can
already be roughly inferred from the radio flaring behaviour, which
is the prominent signature of an ejection, but the unknown delay
between the effective ejection and the subsequent flare, opacity
effects, and the eventually sparse observational sampling, can limit
the accuracy on the estimation of the ejection time (e.g. Russell
et al. 2019a). Radio flares are usually observed at the transition
between the hard and soft intermediate states (HIMS to SIMS) on
the top branch of the Hardness-Intensity Diagram (HID; Corbel et al.
2004; Fender et al. 2004), but it is still not clear what triggers
(and powers) the ejection and if there is a unique time-ordered
combination of observational signatures associated with discrete
ejections. The onset of the transient jet might be a direct consequence
of the compact jet quenching in the HIMS (Russell et al. 2020),
but other explanations are possible (e.g. Kaiser, Sunyaev & Spruit
2000; Rodriguez, Corbel & Tomsick 2003; Vadawale et al. 2003).
A significant change in the X-ray emission properties is generally
observed during the IMS, consisting of a sharp decrease in the
fractional rms variability (e.g. Belloni et al. 2005) and the sudden
appearance of Type-B Quasi Periodic Oscillations (QPOs; Soleri,
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Belloni & Casella 2008). While strongly suggested in some cases
(e.g. Homan et al. 2020), such connection has never been clearly
confirmed; and the observations of several sources seem to suggest
that this connection might not be universal (e.g. Miller-Jones et al.
2012; Russell et al. 2019a; Wood et al. 2021; Zhang et al. 2021).

The jet deceleration also encodes information on the environment
surrounding the BH, including the presence of underdense ISM
cavities possibly produced by previous activity of the system. Such
cavities were inferred to exist for the majority of BH LMXBs (Heinz
2002; Hao & Zhang 2009) and their borders are assumed to be
sites of significant jet/ISM interaction. Under several assumptions,
modelling the jet motion can allow us to obtain hints on the local
density and on the cavity geometry, as done for XTE J1550-564
(Steiner & McClintock 2012) and H1743-322 (Hao & Zhang 2009;
Steiner, McClintock & Reid 2012). Since it is not known a priori
when the jet will start its deceleration phase, a complete coverage of
its motion requires dense and uniform radio monitoring campaigns,
with a constant (~weekly) cadence and on timescales of months to
years (e.g. Migliori et al. 2017; Bright et al. 2020).

As the jets decelerate in the ISM, they transfer large amounts of
energy and matter into their surrounding environment, and thus they
represent an important source of feedback. In addition to possibly
carving out underdense cavities and thus shaping the ISM distribu-
tion, it is speculated that jets from galactic XRBs could inject roughly
1 % of the average supernovae luminosity into the environment
(Fender, Maccarone & van Kesteren 2005), heating and shocking the
surrounding ISM. Their feedback might be so important that they
could effectively stimulate star formation (Mirabel et al. 2015). The
jet feedback on the ISM can be studied and characterized at higher
frequencies, as the altered local chemistry and the distribution of
excited gas can be probed through the observation and mapping of
molecular line emission, as for instance recently done with ALMA in
the sub-mm band for GRS 19154105 (Tetarenko et al. 2018), GRS
1758-258, and 1E 1740.7-2942 (Tetarenko et al. 2020, although
these two sources display persistent jets). Such interaction regions
can be used to study in detail the jet properties (such as the total
energy, e.g. Gallo et al. 2005), but their identification is rather difficult
at the present day. Therefore, tracking the ejecta motion and looking
for evidence of deceleration can be a way to identify systems that
are possibly embedded in cavities, which are promising jet-ISM
interaction sites.

1.1 MAXI J1348-630

MAXI J1348-630 is a new BH LMXB discovered by the MAXI
monitor on board the ISS (Matsuoka et al. 2009) in 2019 January
(Yatabe et al. 2019; Tominaga et al. 2020), when it quickly became
one of the brightest X-ray transients of 2019. During its 2019/2020
outburst, the source first completed a whole cycle in the HID, with
strong radio flaring at the first state transition (Carotenuto et al.
2019), and then displayed a sequence of hard state re-brightenings
that lasted until 2020 September (e.g. Al Yazeedi et al. 2019; Russell
et al. 2019b; Baglio et al. 2020; Pirbhoy et al. 2020; Shimomukai
et al. 2020).

The orbital period of the system is currently unknown; and we do
not have information on the companion star and on the BH mass or
spin. Observations of H 1 absorption in MAXI J1348-630 carried out
with the Australian Square Kilometre Array Pathfinder (ASKAP) and
with MeerKAT yielded a distance of D = 2.2J_r8:§’ kpc (Chauhan et al.
2021), making MAXI J1348-630 a relatively close system. A mild
tension exists between this measurement and a distance of ~3.3 kpc
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obtained with the eROSITA X-ray detection of a dust-scattering halo
(Lamer et al. 2021), which is discussed in Section 4.3.

In Carotenuto et al. (2021a), we have presented the full X-ray
and radio monitoring of the source during its 2019/2020 outburst,
including data from the MeerKAT radio-interferometer (Jonas &
MeerKAT Team 2016; Camilo et al. 2018), the Australia Telescope
Compact Array (ATCA; Frater, Brooks & Whiteoak 1992), the XRT
telescope (Burrows et al. 2005) on-board the Neil Gehrels Swift
Observatory (Gehrels et al. 2004) and the Monitor of All-sky X-
ray Image (MAXI; Matsuoka et al. 2009). Our radio observations
covered the entire evolution of compact jets (including their rise,
quenching and re-activation) through the different phases of the
outburst. In a subsequent work on the hard state disk/jet connection,
we found that MAXI J1348-630 belongs to the growing group
of radio-quiet or outlier BH LMXBs on the radio/X-ray diagram
(Carotenuto et al. 2021b).

MAXI J1348-630 has also been monitored with the Neutron Star
Interior Composition Explorer (NICER) on board the ISS and the
spectral-timing analysis of the fast X-ray variability has been recently
conducted, with the observations of state transitions, the detection of
different types of QPOs, and the identification of a dominant hard
Comptonized emission in the Type-B QPOs at the hard-to-soft state
transition (Belloni et al. 2020; Zhang et al. 2020, 2021; Garcia et al.
2021).

MAXI J1348-630 displayed spectacular discrete ejecta
(Carotenuto et al. 2021a). Two single-sided jets were launched
~2 months apart and displayed the highest proper motion ever
measured for an accreting BH (=100 mas d~!). After travelling with
constant speed, the first jet component was detected at large scales
(~26arcsec from the core, corresponding to a distance of at least
0.3 pc) several months after the ejection, when it underwent a strong
deceleration, covered inradio in great detail (Carotenuto et al. 2021a).
The motion of these ejecta has already been presented and studied
with the application of phenomenological models, which allowed
us to qualitatively describe the jet evolution and to obtain a reliable
estimate of the ejection date for both components. In this paper, we
focus on the first discrete ejecta (labelled RK1 in Carotenuto et al.
2021a) and we go one step further in the study of the motion of this
jet by applying to our data a full dynamical model based on external
shocks (Wang, Dai & Lu 2003), in order to infer physical parameters
of the jet and of the environment of MAXI J1348-630. In Section 2,
we present the data considered in this paper, while in Section 3 we
discuss the external shock model, and in Section 4 we present the
results of the application of such model to our data. We then discuss
our findings in relation to the current understanding of jets from
XRBs in Section 5 and we summarize our conclusions in Section 6.

2 DATA

‘We monitored the entire outburst of MAXI J1348-630 in radio with
MeeKAT at 1.28 GHz, as part of the ThunderKAT Large Survey
Programme (Fender et al. 2018), and with ATCA at 5.5 and 9 GHz.
In X-rays, MAXI J1348-630 was regularly monitored by Swift/XRT
and by MAXI. The full observing campaign on MAXI J1348-630
has already been presented in Carotenuto et al. (2021a) and we refer
to that work for details on the radio and X-ray data processing.

In this paper, we focus on the observations of the first dis-
crete ejecta from MAXI J1348-630, that have been presented in
Carotenuto et al. (2021a), where the jet is labelled RK1. We use
the MeerKAT and ATCA detections of the first component to fit
the entire jet motion, therefore we consider the position of the jet
in every epoch in which it was detected and its angular separation
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with respect to the core position of MAXI J1348-630, which is at
RA =13"48™12579s + 0°01 and Dec. = —63°16 286 =+ (/"2 (J2000;
Carotenuto et al. 2021a).

The coordinates of the jet at each epoch are reported in Table Al,
for which data from MeerKAT and from ATCA at 5.5 GHz were used.
The jet angular separation is computed as the great circle distance
between the ejecta and the MAXI J1348-630 position, either the
fitted one in case of core detection on the same epoch, or the reference
core position mentioned above in case of core non-detection. In the
first case, we are not affected by global systematics in the position
error estimation. After a first part of ballistic, high-speed motion that
started roughly between MJD 58518 and 58523, the deceleration
of RK1 around MJD 58775 was rather abrupt, a phenomenon not
observed in the majority of discrete ejecta from BH LMXBs (e.g
Mirabel & Rodriguez 1994; Miller-Jones et al. 2012; Rushton et al.
2017; Miller-Jones et al. 2019).

3 THE EXTERNAL SHOCK MODEL

The jet dynamical model that we adopt in this work was originally
developed by Wang et al. (2003), and later expanded and applied to
the discrete ejecta of XTE J1550-564 and H1743-322 (Hao & Zhang
2009; Steiner & McClintock 2012; Steiner et al. 2012). While, in
principle, the model was designed for gamma-ray bursts afterglows,
it can describe the evolution of mildly relativistic jets from XRBs,
and we present it again for clarity. In particular, we consider the most
recent implementation of Steiner & McClintock (2012).

‘We consider a pair of symmetric ejecta launched at the same time
in opposite directions at an inclination angle 6 with respect to the
line of sight, with an initial Lorentz factor I'y and kinetic energy
Ey. The jets take the shape of confined, conical beams and expand
with a constant half-opening angle ¢ inside an ambient medium with
constant density n. As the jets expand, they sweep up surrounding
material and transfer their kinetic energy to the internal energy of
the entrained material through external shocks, heating the ISM and
consequently undergoing deceleration. Radiation losses at the shock
front are assumed to be negligible and hence the jet expansion can
be considered adiabatic throughout the whole evolution. Considering
one of the two ejected components, it is therefore possible to write
the energy conservation equation, following Huang, Dai & Lu (1999)
and Wang et al. (2003)

Eo = (' — DMoc* + o (T3, — 1) myc?, 1)

where the first term on the right-hand side is the kinetic energy of the
ejecta and the second term is the internal energy of the shock. Here,
I" is the instantaneous jet bulk Lorentz factor, M, is the jet mass, and
Iy, is the Lorentz factor at the shock front, while o is a numerical
factor equal to 6/17 for ultra-relativistic shocks and ~0.73 for non-
relativistic shocks (Blandford & McKee 1976). A numerical scaling
can be adopted to interpolate between the two regimes (Huang et al.
1999; Wang et al. 2003; Steiner & McClintock 2012)

o =0.73 - 0.388, 2)

where 8 = (1 — I'2)2, Moreover, m, is the mass of the swept-up
material, and it can be written as
¢*mmpnR

sw = s 3
m 3 (3)

where R is the distance from the core. A forward shock develops at
the contact discontinuity between the jet and the ISM. Such shock
continuously heats the encountered ISM and randomly accelerates
particles. By using the jump conditions for an arbitrary shock, it
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is possible to express the shock Lorentz factor as a function of
the jet bulk Lorentz factor (Blandford & McKee 1976; Steiner &
McClintock 2012)

p2 _ CHDET - D417
TP - -1 +2

where 7 is the adiabatic index that varies between 4/3 (ultra-
relativistic shocks) and 5/3 (non-relativistic shocks). Following
Steiner & McClintock (2012), we interpolate between the two limits
with

; (C))

4 + 1
ar

Due to the possible evidence of BH LMXBs being harboured
in low-density ISM cavities (Hao & Zhang 2009), including
MAXI J1348-630 (see Section 4.2 and Carotenuto et al. 2021a),
we include such cavity in the model, modifying the expression for
the swept-up mass. Following the example of Steiner & McClintock
(2012), we let the jet first expand in an underdense environment
parametrized with a radius R, and a density jump § at the cavity wall,
so that, for a standard ISM density n;s, outside, we have a density
n = njy,/d inside. The entrained mass then becomes

¢27Tmpnism R37
35 R} +8[R* — R]1.

p = )

R <R,

R > R.. ©)

Mgy =
This scenario is consistent with a jet that travels first at constant
and high speed in a low-density environment, which constitutes a
large-scale ISM cavity around the system, before hitting the border
of the cavity, decelerating, and producing radio emission from the
subsequent external shocks between the jet material and the higher
density ISM encountered, as proposed by Hao & Zhang (2009).

The relativistic kinematic equation for the approaching component
is (Rees 1966; Mirabel & Rodriguez 1994)

dR Bc

=7 7
dr 1 — Bcosb @
and the measurable projected angular distance is
R(t)sinf
)= ———, 8
a(t) ) 3

where D is the source distance.

It is possible to obtain the proper motion of the jet on the plane
of the sky for every set of the nine parameters that compose the
model: the jet initial kinetic energy Ey and Lorentz factor Iy, the
jet axis inclination angle 6 and half-opening angle ¢, the source
distance D, the cavity radius R., the density jump §, the external ISM
density nism, and the ejection time 7;. However, a degeneracy exists
in this model between the three parameters Ey, ¢, and njs,, as they
appear as a single term in equation (1), so that only the combination
Eo/nism$?* can be effectively constrained. In order to be able to have
an estimate of the initial energy, we fix the external density to the
canonical value nj;, = 1 cm™ and we choose the reasonable value
for the half-opening angle of ¢ = 1°, (Kaaret et al. 2003; Miller-
Jones, Fender & Nakar 2006), which is also consistent with the
observational constraints from Carotenuto et al. (2021a).

To obtain a jet trajectory for every set of parameters, we integrate
equation (7) starting at a time #; from a distance Ry = 108 cm (the
results depend very weakly on the choice of Rj), by numerically
solving at every time-step equation (1) for the instantaneous jet
Lorentz factor, and then we convert the distance travelled by the
jet to the angular separation « (equation 8), in order to compare the
obtained angular separation curve with our data (see Table Al).

Decelerating jets from MAXI J1348-630 4829

Since for MAXI J1348-630 only single-sided jets were detected,
for the model application in this work, we only use the angular
distance information and not the flux ratios between the approaching
and receding components, as for instance done for XTE J1550-
564 and H1743-322 (e.g. Wang et al. 2003; Hao & Zhang 2009;
Steiner & McClintock 2012), because the upper limits from the
receding component do not allow us to obtain additional significant
constraints on the physical parameters of the jet or of the cavity. In
particular, this is the first time in which the external shock model is
applied to a single-sided BH XRB jet. A schematic representation of
the proposed scenario is shown in Fig. 1.

4 RESULTS

We fit our data with the external shock model presented in Section 3
with a Bayesian approach, applying a Monte Carlo Markov Chain
(MCMC) code implemented with the EMCEE package (Foreman-
Mackey et al. 2013). For every point of the parameter space,
equation (7) was integrated using odeint from the SCIPY package
(Virtanen et al. 2020).

We include the maximum amount of available information in
the choice of our priors, which are physically motivated from our
knowledge of MAX1J1348-630 and BH XRBs in general. Flat priors
are assumed in case we do not have a preferred expectation value
for a specific parameter. The prior distributions used for all of our
parameters are listed in Table 1. We adopted a flat prior for I'y and
a log-flat prior for Ej, with a large range of allowed values. For 6,
we used a normal distribution (truncated outside the interval 0°~90°)
centered on 30° and with a sigma of 20°, taking into account the
observational constraints from Carotenuto et al. (2021a) and the fact
that 0 is unlikely to be small (i.e. the system is unlikely to be almost
face-on). We then adopted a flat prior between 0 and 2 pc for R,
and a log-flat prior for 8, with boundaries at 1 and 10*, including
the whole range of inferred values for other BH LMXBs (e.g. Heinz
2002; Hao & Zhang 2009; Steiner & McClintock 2012). A truncated
normal is chosen for D, and it is centered on 2.2 kpc with a sigma
of 0.6 kpc (Chauhan et al. 2021), while the prior on f is flat and
truncated at MJD 58523.5, since the jet cannot be ejected after having
produced the strong radio flare observed with MeerKAT at that time
(~0.5Jy; Carotenuto et al. 2021a).

Every MCMC run was conducted using 110 walkers. For each
run, we consider that convergence is reached when the positions
of the walkers in the parameter space are no longer significantly
evolving. Once the chains have converged, the best-fitting result
for each parameter is taken as the median of the one-dimensional
posterior distribution obtained from the converged chains, while the
1o uncertainties are reported as the difference between the median
and the 15th percentile of the posterior (lower error bar), and the
difference between the 85th percentile and the median (upper error
bar). The best-fitting results for our runs are shown in Table 1.
For choosing between the different scenarios, we compute for each
MCMC run the Bayesian Information Criterion (BIC; Schwarz
1978) and we select the run with the lowest value. The BIC is
defined as

BIC =kInN —2InL(®H), )

where k is the number of free parameters of each model, N is the
number of data points, and L(®) is the likelihood function of the
model evaluated with the set of parameters § that maximize it.
The likelihood is assumed to be Gaussian for all the parameters
considered in this model.
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© — Observer
Non-detection phase
May - Oct 2019
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Oct 2019 - Feb 2020

Figure 1. Schematic representation of the observed jet behaviour and proposed scenario for MAXI J1348-630, along with the parameters of the model adopted
in this work. The line of sight is perpendicular to the plane of the drawing. The dashed line at the cavity border represents the fact that the cavity spherical
geometry is an assumption of this scheme, and not of the model itself. The jet is characterized by the four parameters I'g, Ep, 6, ¢ (initial bulk Lorentz
factor, kinetic energy, inclination angle, and half-opening angle of the jet, respectively, see Section 3) and displays a first phase of constant speed motion in
an environment with density njsm/8. After a period of non-detection, the jet reaches the cavity wall at a distance R, from the BH and transitions to a Sedov
evolutionary phase. The unseen counter-jet moving in the south-west direction is also shown.

Table 1. Parameters of the external shock model applied in this work, chosen priors with their distribution and allowed values, and fit results with
and without the inclusion of a low-density ISM cavity. The values quoted are the median parameter and the 1o confidence intervals derived from

the MCMC run. We also report the BIC for the two cases.

Parameter Description Prior distribution Prior interval Uniform density ISM cavity
o Initial bulk Lorentz factor at launch  Uniform 1-100 185702 185703
logioEo Initial kinetic energy at launch (erg) ~ Uniform 35-55 48.65°0% 46667070
L o 477 2.71
0 Inclination angle (°) Truncated normal (u = 30, o = 20) 0-90 28.31%37] 29271373
R. Cavity radius (pc) Uniform 0-2 0 (fixed) 0.61+0:48
s Density jump at cavity wall Uniform in log § 1-10* 1 (fixed) 9801358
D Distance (kpc) Truncated normal (1 = 2.2, o = 0.6) 1-8 2.38%032 2.46703)
tej Ejection date (MJD — 58500) Uniform 0-23.5 22,9218 2145018
BIC Model selection - - 120.4 49.5

4.1 Uniform density

We first consider an approach that does not require the presence of
a low-density ISM cavity, in order to show that this configuration
appears inadequate to fit the data. In this scenario, the jet moves
and then decelerates in a uniform medium and, hence, we fix R, =
Opc and § = 1. The MCMC run provides a converged solution, and
the fit results are presented in Table 1 and are shown in Fig. C1.
In this case, the model cannot adequately reproduce the final part
of the jet motion, and we obtain a BIC value of 120.4. While the
results for most of the parameters are acceptable, the jet appears
to require a huge amount of energy (10*® ~ 10* erg) in order to
travel ~0.5 pc and sweep matter in a standard ISM density, therefore
we deem this scenario to be unlikely. Moreover, with a uniform
density, we would expect the jets to continuously interact with the
ISM and thus to be constantly detected for their whole motion, with
a uniform decrease in radio flux density (unless the jets are highly
relativistic), similarly to what was observed in MAXI J1820+4-070
(Bright et al. 2020), instead of having a phase of non-detection
followed by a re-brightening and deceleration, as in the case of MAXI
J1348-630.

MNRAS 511, 4826-4841 (2022)

4.2 Motion in a low-density ISM cavity

Introducing a cavity and letting R. and § free to vary in the range
of their priors results in a significantly improved fit. The best-fitting
results are reported in Table 1 and are shown in Fig. 2, along with the
proper motion of the jet. Uncertainties on the plot are represented as
the trajectories corresponding to the final positions of the walkers in
the parameter space. In Fig. 3, we present the corner plot showing
the one-dimensional posterior distribution for all the parameters and
the two-parameters correlations.

The model appears to fit really well our data; and the good
agreement with observations can be seen from the residuals in Fig. 2.
We obtain a BIC value of 49.5, which is significantly lower than the
previous case, providing us with a strong evidence in favour of the
cavity scenario compared to a uniform density ISM.

The motion that we obtain is similar to the ‘linear + Sedov’
phenomenological model used in Carotenuto et al. (2021a), although
in this case a physical model is used to explain the whole motion.
According to this model, the jet is launched at z; = 21.5%}5 (MJD
—58500) with a bulk Lorentz factor I'y = 1.85%}3, corresponding
to a mildly relativistic speed, with an impressive amount of energy
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Figure 2. Angular separation in arcsec between the discrete ejecta and the position of MAXIJ1348-630. We combine here MeerKAT 1.28 GHz and ATCA 5 GHz
observations, shown as red points and taken from Carotenuto et al. (2021a). The un-shaded, grey, and seashell regions mark periods in which MAXI J1348-630
was, respectively, in the hard, intermediate, and soft state (Zhang et al. 2020). The black horizontal dashed line represents the zero separation from the core,
while the time of the major flare observed with MeerKAT (MJD 58523) is represented with a magenta vertical line. The black continuous line represents the
best fit obtained with the external shock model developed by Wang et al. (2003) and the horizontal blue line shows the inferred radius of the low-density ISM
cavity in which MAXI J1348-630 is embedded. The orange shaded area represents the total uncertainty on the fit and it is obtained by plotting the jet trajectories
corresponding to the final positions of the MCMC walkers in the model parameter space. Residuals [(data — model)/uncertainties] are reported in the bottom
panel. The model appears to fit reasonably well our data, suggesting a jet deceleration due to the interaction with the wall of an ISM cavity.

Eo = 4.672%% x 10* erg, and with a small inclination angle 6 =
29.3%37 deg. We infer that MAXI J1348-630 lives in a cavity with
aradius R, = 0.6170¢ pc and a large density jump § = 98073%. In
this context, our jet might have travelled undisturbed for the first
phase, between MJD 58521 and 58750, adiabatically expanding
and radiating in an environment with a low density of niy,/§ =
0.001075:9%9% cm=3, and then it decelerated and re-brightened after
hitting the wall of the cavity, transitioning from a relativistic phase
to a Sedov expanding phase around MJD 58750, with a sharp
drop of I' from ~1.8 to ~1. At the cavity wall, the jump in the
ISM density caused the production of external shocks between
the jet and the surrounding material, resulting in in situ particle
acceleration responsible for the radio emission. This emission has
been observed with Chandra to extend up to the X-rays for some
decelerating jets (e.g. Corbel et al. 2002, 2005; Espinasse et al.
2020). However, in the case of MAXI J1348-630, it has not been
possible to observe the jets with Chandra. This was due to the
simultaneous brightness of the core of the system during the several
reflares that followed the main outburst (see Carotenuto et al.
2021a), since a bright X-ray core is expected to completely out-
shine and engulf the resolved (but faint) X-ray emission from the
ejecta.

4.3 Impact of the dust-scattering halo distance

We note that Lamer et al. (2021) recently reported a distance D =
3.39 + 0.34kpc from observations of X-ray light echoes from a
degree-scale dust scattering ring with eROSITA. While in this paper,

we centre our prior on D = 2.2 kpc, we performed an MCMC run cen-
tering the distance prior on 3.39 kpc, with a sigma value of 0.4 kpc and
with the same setup described in Sections 4 and 4.2. We obtain a good
fit with a slightly higher BIC value of 63.3. The fit results are shown
in Fig. C2. As expected, a larger distance results in larger estimate
for the jet parameters with respect to Section 4.2, of factors between
20 and 50 %, with the exception of Ej, which has to be ~3.5 times
larger than what presented in the previous section in order to sustain
a jet with the same proper motion at a distance ~50 % larger. While
this distance might be plausible, the choice of the distance prior does
not significantly affect the results and the main conclusions of this

paper.

5 DISCUSSION

We successfully modelled the motion of the large-scale jet from
MAXI J1348-630 with a full dynamical model based on external
shocks, adopting a Bayesian approach. The model appears to
describe reasonably well the evolution of the jet in the different
phases of its motion; and the fit we performed allows us to
constrain with good or sufficient accuracy the physical parame-
ters of the jet and of its environment. We discuss the obtained
values for all the model parameters individually in the follow-
ing sections, and stress that these results were achieved thanks
to the dense and deep radio coverage of the jet deceleration
phase.
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Figure 3. Corner plots showing the results of the external shock model fit with MCMC. The panels on the diagonal show histograms of the one dimensional
posterior distributions for the model parameters, including the jet initial Lorentz factor, initial energy, inclination angle and ejection time, as well as the radius
and density jump of the low-density ISM cavity. The median value and the equivalent 1o uncertainty are marked with vertical dashed black lines. The other
panels show the two-parameter correlations, with the best-fitting values of the model parameters indicated by green lines/squares. The plot was made with the

CORNER plotting package (Foreman-Mackey 2016).

5.1 Initial Lorentz factor

We obtain a precise estimate of the initial Lorentz factor of the jet:
Iy = 1.85f8:}§, which implies a mildly relativistic ejecta, despite the
high initial proper motion observed. By sampling from the best-fitting
posterior distribution of I'y, we can then infer the corresponding
initial intrinsic jet speed By = (1 — [y %)"/? = 0.847003, which is
consistent with the observational constraints presented in Carotenuto
et al. (2021a).

MNRAS 511, 4826-4841 (2022)

It is difficult to constrain the Lorentz factor of jets from BH
LMXBs by the observations of their proper motions, especially if
the ejecta are significantly relativistic (Fender 2003), given that in
those cases the source will be close to the maximum allowed distance
Diax = ¢/ /Ieapplrec (Fender et al. 1999), which can be obtained
from simultaneous observations of the approaching and receding
components. Therefore, for most of the sources only lower limits on
I' can be placed (e.g. Fender 2003; Miller-Jones et al. 2006; Bright
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et al. 2020). Jets from MAXI J1348-630 are, hence, likely to be less
relativistic that the majority of bipolar ejecta from BH XRBs, and
the inferred value of ' is broadly consistent with what observed for
the less relativistic jets reported in Miller-Jones et al. (2006). This is
also supported by a rough estimation of D,,,,, which can be obtained
by solving for D the proper motion equation (Rees 1966; Mirabel
etal. 1992)

Bsinfd ¢

=, 10
1—pBcosé D (10)

Heapp =
assuming a maximum intrinsic speed 8 = 1 and the inferred values
for 0 and ptapp =~ 109 mas d=!. We obtain Dy =~ 4 kpc, which is
significantly larger than the measured distance of MAXI J1348-630
(see Section 1.1).

By applying the same external shock model, it was not possible to
precisely constrain I'y for the two-sided ejecta of XTE J1550-564
(Steiner & McClintock 2012) and H1743-322 (Steiner et al. 2012),
but only to place lower limits on it. On the other hand, in our case,
we have a uniform and dense coverage of the first phase of the jet
motion, which allows us to uniquely determine the jet intrinsic speed,
given the reasonable results obtained for 6 and D (see Section 5.2).

5.2 Inclination angle

We obtain a medium-low inclination angle of the jet axis & = 29.3737
deg, which suggests a relatively face-on system and it is consistent
with the results presented in Carotenuto et al. (2021a). However,
we note that the posterior distribution obtained for 6 clearly traces
its prior (see Fig. 3 and Table 1), implying that this parameter is
not completely constrained from the fit. The prior choice took into
account the observational constraints from Carotenuto et al. (2021a).
Nevertheless, the model reproduces the jet motion very well with
such inclination angle, which is likely to be fairly close to the true
value.

Interestingly, the inclination angle of the accretion disk was
inferred to be i = 28° + 3° from X-ray spectroscopy with NuS-
TAR, using relativistic reflection models (Anczarski et al. 2020). A
measurement of the orientation of the orbital plane of the system
would be extremely valuable to test the potential alignment between
the disk and the jet axis. Since the jet axis is presumed to be
aligned with the BH’s spin axis, such measurement would be also
important to test the alignment between the spin axis and the orbital
plane. As already mentioned by Steiner & McClintock (2012), a
good alignment between the two provides support for the BH spin
estimation via the X-ray continuum-fitting methods (Zhang, Cui &
Chen 1997). However, misaligned jets have been observed (e.g.
Miller-Jones et al. 2019; Poutanen et al. 2021), so such alignment is
likely not to be universal among BH LMXBs.

With the values obtained for Iy and 8, we can compute the Doppler
factor for the two ejecta. The Doppler factor for the approaching
component at launch is 8y, = Iy Y(1 — BycosO)™! ~ 2, and such
value remains stable for the first part of the jet motion, as inside the
cavity I 2~ I'y. This implies that the received radio flux is boosted by
a factor 82&3’1 =~ 16, considering a discrete ejecta with a radio spectral
index « =~ —1 (Carotenuto et al. 2021a), greatly easing the detection
the approaching ejecta, which peaked at a flux density of ~6.7 mJy
at 1.3 GHz (Carotenuto et al. 2021a). For the un-detected receding
component, the Doppler factor is §;.c = (1 4+ BcosH)~! ~ 0.3,
implying that the received flux is reduced by a factor 1/82;¢ ~ 125,
which explains why the receding component was never detected in
any of our radio observations.

Decelerating jets from MAXI J1348-630 4833

5.3 Ejection date

The ejection date is one of the key parameters in the external shock
model. From the fit, we infer the ejection date #; = 21.5735 (MJD
— 58500), which is roughly two days before the peak of the ~0.5 Jy
radio flare observed with MeerKAT and, since this value is obtained
with a full dynamical model, it is likely to be more reliable than the
ejection date presented in Carotenuto et al. (2021a). The estimation
of the time of ejection is fundamental to reconstruct the precise
evolution of the system during state transitions and to understand
the contribution of the various physical components of the system
(e.g. compact jets, corona, inner accretion flow) in the production
and acceleration of the discrete ejecta. The jet ejection is inferred
to happen while MAXI J1348-630 was in the HIMS, roughly one
day before the first detection of Type-B QPOs with NICER on MJD
58522.6 (Zhang et al. 2020, 2021). Similarly to the conclusions of
Carotenuto et al. (2021a), in our case Type-B QPOs appeared to be
produced after the jet ejection, as already observed for H1743-322
and MAXIJ1535-571 (Miller-Jones et al. 2012; Russell et al. 2019a),
and were not simultaneous with the jet launch, as instead found for
MAXIJ18204-070 (Bright et al. 2020; Homan et al. 2020), hence the
potential causal link between the two phenomena remains unclear.
To investigate such sequence of events more in depth, the NICER
timing results on MAXI J1348-630 will be put in relation to the
inferred ejection date in a future work.

5.4 A large kinetic energy

The ejecta is inferred to have an extremely large kinetic energy
at the time of ejection: as one of the key outputs of the model, we
obtain Eg = 4.673%° x 10* erg. The result is particularly interesting
because such energy estimation is several orders of magnitude
larger than what was estimated for MAXI J1348-630 (~10** erg;
Carotenuto et al. 2021a) and from what is generally inferred for ejecta
from XRBs (see for instance Fender et al. 1999; Rushton et al. 2017,
Tetarenko et al. 2017; Miller-Jones et al. 2019; Russell et al. 2019a;
Espinasse et al. 2020), which is obtained by considering the minimum
energy required to produce the observed radio synchrotron radiation,
assuming equipartition between particles and magnetic fields (e.g.
Longair 2011). Our estimation is instead consistent with the kinetic
energy obtained for the first jets discovered in GRS 1915+105
(Mirabel & Rodriguez 1994), and in XTE J1550-564 (by applying
the same external shock model; Steiner & McClintock 2012), and it
is slightly higher than what obtained for H1743-322 (Steiner et al.
2012), whose jets decelerate much earlier compared to MAXIJ1348—
630. These findings support the recent claim that the total energy
of these jets is not well-traced by the observed electromagnetic
emission, and this leads to a significant underestimation of the
energetic content of these objects (e.g. Bright et al. 2020). As a
result, it is likely that jets only radiate away a small fraction of their
total energy, which is instead almost completely transferred to the
environment, as in the case of MAXIJ1820+070 (Bright et al. 2020).
This implies that the overall feedback of the jet on the surrounding
environment is possibly way larger than previously thought, and, at
the same time, it justifies our assumption in the model of negligible
radiative losses and consequent adiabatic expansion of the jet.

There is, however, a caveat on such energy estimation due to
the degeneracy between Ey, nim, and ¢, since the model can only
constrain the value Ey/nism¢?, and, hence with our assumptions we
essentially obtain

2
Migm (b
Eo = 4.6720 x 10% (1 Cm_3) (1—) erg. (11)
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In Section 3, we discussed and motivated our choice of assuming
the reasonable values of 7, = lecm™ and ¢ = 1°. The energy
could be overestimated in case the opening angle is much smaller
than the 1° assumed. However, if we imagine our opening angle
to be ~ 10 % of that value, Ey would be ~1 % of what reported
above, but it would still be roughly two orders of magnitude larger
than the radiated energy. Moreover, while for the majority of XRB
jets we have un-constraining upper limits (larger than 1°) on their
opening angle (Miller-Jones et al. 2006), such ejecta have been in
some cases resolved with VLBI or in X-rays (e.g. Miller-Jones et al.
2004; Rushton et al. 2017; Espinasse et al. 2020), yielding half-
opening angles larger than 1°, hence it appears to be unlikely that
jets in MAXI J1348-630 could have significant smaller apertures. In
addition, it is difficult to imagine how such jets could be confined
in such low-density environments surrounding microquasars (Heinz
2002; Hao & Zhang 2009; Miller-Jones et al. 2006). Another
possibility is that the density of the external ISM, outside the
cavity, is smaller than what we assumed for nj,, meaning that
MAXI J1348-630 could be located in a region with a particular
hot phase of the ISM. However, this is unlikely given that our
source lies in the Galactic plane, where we expect higher ISM
densities (e.g. Cox 2005). Therefore, our estimate of E(, appears to
be reliable, and the evidence for a highly energetic jet appears to be
robust.

5.5 Jet power

The energy E, discussed in Section 5.4 must be provided by the
system in a time Az, and hence we can consider now the average
power required to accelerate the jets in MAXI J1348-630, which
is Pjeq = 2Eo/At (for a bipolar ejection). The exact value of At
is unknown, but it is possible to obtain a zero-order estimate by
considering the interval between our inferred #.; at which the jet was
launched and the peaking time of the radio flare produced by the
jet on MJD 58523.22 observed with MeerKAT (Carotenuto et al.
2021a). We obtain an observed ejection timescale of ~1.8 d, which,
given the relativistic motion of the jet, has to be corrected to the
source rest frame through At = (SdpLAtRF. We obtain a rest-frame
rising timescale of ~3.6 d, which leads to a total mechanical power
of the jets

2 —1
Nism At -
P >3 x 104 (1 cm—3) (%) (3.6RZI> ergs™". (12)

As can be expected by the large value of Ey and the short ejec-
tion timescale, such power is extremely high, and it has to be
compared with the simultaneously available accretion power. This
can be roughly estimated from the simultaneous bolometric X-ray
luminosity, since Lx = nMc?, where 7 is the radiative efficiency
of the accretion flow. Lx can be obtained from the 1-10keV X-
ray flux observed with Swift on MJD 58521 (Carotenuto et al.
2021a), where the bolometric luminosity is estimated using the
conversion factor from Migliari & Fender (2006). This estimation
yields an X-ray luminosity ~7.9 x 10*®ergs~!. Such value is
~61 % of the Eddington luminosity, which is standard limit for
stable accretion (>~ 1.3 x 10 *ergs™! for a 10 M BH accreting
hydrogen). With the standard assumption n = 0.1, we obtain an
accretion power of ~7.9 x 10*ergs~'. Therefore, our inferred
value of Pj. is be ~40 times higher than the available accretion
power, implying a discrepancy between the available accretion power
and the power required by the jets. Such value of P/ Mc? (which
can define as nj) appears to be too large even if we include the
BH spin as an additional energy reservoir, that can be extracted
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from the compact object through the Blandford—Znajek mechanism
(Blandford & Znajek 1977). Simulations show that nj. can attain
the maximum value of ~1.4 for jets produced by rapidly spinning
BHs (Tchekhovskoy, Narayan & McKinney 2011), well below our
estimate.

However, both the quantities that we are comparing, Pj; and Mc?,
are affected by uncertainties in their estimation, and the tension
between the two can possibly be mitigated in several ways. Since
Pj; depends on the assumed values of njy, and ¢, it is possible
that such quantities are in fact smaller than the ones we assumed
(see Section 5.4). Hence, we can place upper limits on the two
parameters that cannot be constrained from the model alone. Starting
from Py < 1.4Mc2, if we assume that n;,, = 1 cm™>, then we have
that ¢ < 0.2°. On the other hand, by assuming ¢ < 1°, we can infer
that nig, < 0.04cm™>. However, while in principle these values are
possible, both the upper limits appear to be unlikely: an unusually
narrow jet seems difficult to understand from the arguments discussed
in Section 5.4, while a low value of the ISM density outside a cavity
appears not plausible as well, given the location of MAXI J1348-630
in the Galactic plane. Moreover, a lower value of s, would imply
an even smaller value n;s,,/8 of the density inside the cavity, which is
hard to justify.

Another reason for such discrepancy could lie in an incorrect
estimation of the ejection timescale, as a larger Ar would decrease
our inferred value of Pj;. While the uncertainty on the flare rising
timescale is of the order of days, and thus that value is unlikely
to be heavily underestimated!, it is possible that such timescale is
not a good proxy for the timescale in which the system effectively
accelerates the ejecta.

Finally, the accretion power could be higher than what we have
estimated. The accretion efficiency n might be lower than 0.1 (even
if that is unlikely, given that the accretion flow should be radiatively
efficient in the intermediate and soft state, e.g. Done, Gierlinski &
Kubota 2007), or the X-ray luminosity might have been underesti-
mated. While our Swift measurement of the X-ray luminosity is not
exactly simultaneous as our inferred ejection date, we speculate that
in this case, the main source of uncertainty lies in the conversion from
the luminosity in the 1-10keV energy range to the bolometric X-ray
luminosity Lx. A larger Ly, possibly above the Eddington limit for
a limited period of time, might be a plausible explanation for such
a large discrepancy. Short super-Eddington phases linked to major
ejections have likely taken place in other systems, as for instance
GRS 19154105 (Mirabel & Rodriguez 1994), XTE J1550-564
(Steiner & McClintock 2012), and possibly also MAXI J18204-070
(Bright et al. 2020). Persisting super-Eddington luminosities are
usually observed in ultraluminous X-ray sources (ULXs), a part of
which is composed of neutron stars accreting above the Eddington
limit (e.g. Kaaret, Feng & Roberts 2017).

We speculate that a combination of the options outlined above
could explain the discrepancy between our inferred jet power and
the available accretion power. We remark that obtaining a reliable
estimate of the jet power is of prime importance for understanding
of jet production and acceleration mechanisms.

5.6 Jet mass

From equation (1), we are able to constrain the mass of the ejecta M,
by sampling from the posterior distributions of Ey and I'y obtained

Typical values for the radio flare rising timescales are of the order of hours
to days (e.g. Russell et al. 2019a; Bright et al. 2020; Homan et al. 2020).
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Figure 4. Posterior distribution for the ejecta mass My in grams, obtained
using the chain samples produced for Ey and I'g. The median value and the
equivalent 1o uncertainty are marked, respectively, with vertical dot—dashed
and dotted black lines. Assuming njsm = 1 cm ™ and ¢ = 1°, we infer a jet
mass My = 6.11’%5‘1 x 10% g.

with the MCMC fit. The resulting posterior distribution for M, is
shown in Fig. 4. We infer a jet mass

2
My = 6.172%" x 107 ("‘i) <£) g, (13)

1cm—3 10

corresponding to ~3.1 x 1078 My. While this estimation is con-
sistent with the first jets discovered in GRS 19154105 (Mirabel &
Rodriguez 1994), obtained assuming one proton per electron, it is
larger than the estimated masses for other ejecta observed in the same
source (Mirabel et al. 1998; Fender et al. 1999), and in other sources
(e.g. Steiner & McClintock 2012; Espinasse et al. 2020). It appears
that, as many other physical parameters, the mass content of the
jets can greatly vary among the population of XRBs, and significant
variations are observed even between multiple ejecta from the same
source on short timescales (Tetarenko et al. 2017). However, the
mass estimations for discrete ejecta are very uncertain, and often
depend on parameters that are poorly constrained, such as the jet
composition (specifically the proton content) and the Lorentz factor.
In our case, we have also to consider the additional dependence
on the two parameters n;s,, and ¢, but for which plausible values
were assumed (see Section 5.4). Therefore, more observations are
needed to increase the statistics and reduce the uncertainties on these
physical quantities.

By considering the ejection timescale Atintroduced in Section 5.5,
we can estimate the mass outflow rate to be ~ 3.9 x 102 gs~! (fora
bipolar ejection), implying a huge transfer of mass from the system
to the jet during the ejection. Not surprisingly, such outflow rate is
higher than what was obtained for other sources (e.g. SS 433 and
GRS 19154105, Kotani et al. 1996; Fender et al. 1999), and higher
than the accretion rate of a system radiating at a significant fraction
of the Eddington luminosity. This possibly implies that during the
formation and launch of discrete ejecta, the majority of the inflowing
mass is directly channelled into the jets and it is not advected into the
event horizon (Fender & Pooley 1998; Fender et al. 1999). Transitory
mass outflow rates above the Eddington limit on the accretion rate
are also consistent with simulations of accretion disks of stellar mass
BHs (Okuda et al. 2005). Such mass outflow rate is also higher than
the mass-loss rate commonly attributed to disk winds, that can be as
large as roughly 10 times the mass accretion rate (Ponti et al. 2012).
However, disk winds have not been detected for MAXI J1348-630
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to our knowledge, hence a direct comparison of the two mass outflow
rates is not possible.

5.7 Jet composition

The composition of discrete ejecta is generally unknown. Evidences
for a baryonic content have been found in the jets from SS 433
(possibly from the ISM matter entrained by the jets), with the
detection of Doppler-shifted iron line emission (Kotani et al. 1996;
Migliari, Fender & Méndez 2002), but the rest of known ejecta
displays featureless synchrotron spectra and might be composed of
proton—electron or electron—positron plasma (Fender 2006).

Hints on the composition of the ejecta from MAXI J1348—
630 can be obtained by estimating the number of protons and
electrons required to match the observational constraints from the jet
radiation and motion. To begin, the number of relativistic electrons
in the jet can be obtained through widely applied minimum energy
calculations (Longair 2011), assuming a standard electron energy
distribution index p = 2, which corresponds to a radio spectral index
a = —0.5, and integrating it between the minimum and maximum
energies of the electron population. The electron number N, is then
N, x v { L,

proportional to
1—p 1-p
A(a)B} [vmfn —vmﬁx] , (14)

where the full details of the calculations are presented in Appendix B.
Here, L, = 47D?S, is the monochromatic luminosity of the syn-
chrotron flare, with a flux density S, ~ 486 mlJy observed at a
frequency v = 1.28 GHz with MeerKAT on MJD 58523 (Carotenuto
et al. 2021a). We assume that the electrons radiate between a
minimum frequency vy, = 10° Hz (lower limit of the MeerKAT
observing band) and a maximum frequency vy, = 10'° Hz. The real
value of both frequencies is unknown, but the results depend very
weakly on vy, since the emission is dominated by the low-energy
electrons. Moreover, A(«) is a constant (see Section B) and B is the
magnetic field at equipartition, which can be written as (Longair
2011)

o {M G(fx)ﬁLvr’

> v (15)
where o is the permeability of free space; G(«) is a constant
discussed in Section B that depends weakly on o, Vyin, and vy
V is the size of the emitting region; and 7 is a parameter linked to
the ratio of energy in protons to that in electrons, and we assume for
it the standard value of 1. In particular, the volume V of the jet at
launch (when it produced the synchrotron flare) is a key parameter
for the calculation of N., and we estimate it by considering the
ejection timescale Az, discussed in Section 5.5, and a reasonable
jet expansion speed of 0.05¢, which is consistent with results from
Fender & Bright (2019) and with observational constraints from
Carotenuto et al. (2021a). We take into account Doppler boosting
due to the relativistic speed of the jet in the first phase of its motion,
and we convert our measured quantities to the jet rest frame by
correcting the observed frequency with Vops = SappVrest frame> the
observed ejection timescale Atqps = (Sa_p;Atrest frame and observed flux
Sy.obs = (Ssl;p"‘ S rest frame» assuming o = —0.5 from Carotenuto et al.
(2021a). An upper limit on the size of the emitting region can also
be obtained by considering the unresolved radio point source and
the MeerKAT beam on MJD 58523, but this would lead to an
overestimation of the actual volume V due the ~5 arcsec MeerKAT L-
band resolution. We obtain N, ~ 3 x 10**, which is smaller compared
to other discrete ejecta (e.g. Fender et al. 1999; Espinasse et al. 2020).
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If we consider that each electron is accompanied by a cold proton,
we obtain a total jet mass Ne(me + m,) = 5 x 10" g, which is much
smaller than our inferred total jet rest mass, discussed in Section 5.6.
Therefore, there seems to be evidence for the jet to be made up of non-
radiating particles. Such jet could be possibly dominated by ‘cold’
protons which would carry most of the kinetic energy. In principle,
the number of protons could simply be estimated as

2
Ny = Moy 100 (7"“‘“7 ) <3) , (16)
mp 1 cm—3 10
which greatly exceeds the number of synchrotron-emitting relativis-
tic electrons, even taking into account the uncertainty due to the
dependence on niy, and ¢ (see Section 5.4). We could speculate
that the jet might include a population of non-relativistic (and
hence non-radiating) electrons coupled to the cold protons for
charge balance. However, such estimation is purely qualitative, and
this is due to the large uncertainty present on many parameters
involved in this calculation, and to our likely oversimplification of the
problem.

The discrepancy between N, and M, could be alleviated in several
ways: with a more precise estimation of the jet volume at launch
(which could be underestimated), or if the jet plasma is far from
equipartition, with a stronger magnetic field. Moreover, electrons in
the jet could radiate even below vy, with more protons associated,
although there is not yet observational evidence of ejecta radiating
at lower radio frequencies, as argued in Fender et al. (1999). Lastly,
Ey, and consequently M, might be overestimated, in particular if the
ejecta has a significantly smaller opening angle ¢ than what assumed
in this work, although we deem this as unlikely, as discussed in
Section 5.4.

5.8 The ISM cavity

The external shock model applied in this work considers the source
to be embedded in a low-density cavity present in the ISM. After a
first phase of constant speed motion, the jet hits the cavity border
and decelerates as a result of the interaction with a much denser
environment. From the fit, we infer the low-density ISM cavity
to have a radius R. = 0.61t3;},§ pc, which is consistent with the
constraints from Carotenuto et al. (2021a). We also infer a density
jumpd = 980f§;3. Asmentioned in Section 4.2, this implies a density
Rism/8 = 0.001075:9%9° cm= inside the empty bubble, assuming a
standard external ISM external density njg, = 1 cm3. Interestingly,
the value of ¢ is roughly one order of magnitude larger than the ones
inferred for other BH XRBs possibly located inside a cavity, such as
XTE J1550-564 and H1743-322 (Wang et al. 2003; Hao & Zhang
2009; Steiner & McClintock 2012; Migliori et al. 2017). However,
our density estimate is consistent with what was inferred for the
environments of GRS 19154105 and GRO J1655-40, obtained
assuming that the discrete ejecta are travelling in a constant density
medium up to distances of at least ~0.04 pc (Heinz 2002). The size
of the cavity R, is consistent with what obtained for XTE J1550-564
and H1743-322 (e.g. Hao & Zhang 2009). XTE J1752-223 might
also be located in an underdense cavity, although such bubble would
have a smaller size compared to other sources (Yang et al. 2010;
Miller-Jones et al. 2011).

As argued in Carotenuto et al. (2021a), MAXI J1348-630 is
fully consistent with the scenario of microquasars embedded in
low-density environments proposed by Hao & Zhang (2009). It is
currently unclear how such cavities might be produced. BH XRBs
might be located in small regions occupied by the hot ISM phase, or,
more likely, the low-density region could result from the system’s
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activity (Heinz 2002; Hao & Zhang 2009). The stability of these
cavity would depend on the pressure balance with the external ISM,
and their evolution is likely to take place on timescales much longer
than the common recurrence outburst times for XRBs, which is
estimated to span from years to centuries (Remillard & McClintock
2006; Corral-Santana et al. 2016). Even if we imagine the cavity to be
completely empty, it would take roughly ~5 x 10* yr (much longer
then typical XRB evolving timescale) for the external gas expanding
at the sound speed to refill a ~0.6-pc cavity, assuming an external
ISM with density njg, = 1 cm™ and temperature ~ 8000 K (Ferriére
2001).

An empty bubble might be created by the supernova that produced
the BH in MAXI J1348-630 in case of low kick-out velocity,
although we deem this first option as unlikely due to the fact that
the system has to be significantly young for the ISM cavity not
be yet refilled by the surrounding material. However, in that case,
we would expect to clearly detect the radio supernova remnant, for
which there is no evidence (Carotenuto et al. 2021a), suggesting that
MAXIJ1348-630 might be an old system. Several other possibilities
involve previous outbursts and the feedback of jets or winds on the
ISM surrounding the system.

The cavity might have been carved out by jet activity in previous
outbursts. There are examples of jets from XRBs developing at large
scales and creating hot spots at the terminal shock surface, where
kinetic energy is continuously transferred from the system to the ISM
(Seward et al. 1980; Mirabel et al. 1992; Heinz et al. 2007; Marti
etal. 2017; Coriat et al. 2019). A pc-scale cavity is also believed to be
produced by the jets of Cygnus X—1 (Gallo et al. 2005). In this case,
and in absence of fast jet precession, we would expect rather a tunnel
or a narrow underdense region instead of a cavity, which would
justify the jet collimation but it would require frequent ejections from
the system in order to be sustained over time, as argued in Hao &
Zhang (2009). A wide, symmetrical cavity might be created by more
steady and uncollimated outflows, such as winds, which could be
produced by the companion star (e.g. Sell et al. 2015), by the more
massive progenitor of the compact object (e.g. Gaensler et al. 2005),
or by the accretion disk itself during phases of outburst (e.g. Fuchs,
Koch Miramond & Abraham 2006; Miller et al. 2006; Muiioz-Darias
et al. 2019). While the companion stars of BH LMXBs might not
be massive enough to produce strong winds, the accretion disks
represent more plausible candidates, possibly displaying high mass
outflow rates (e.g. Mufloz-Darias et al. 2016). Due to their non-
relativistic speeds, winds have necessarily to be produced during
previous outbursts in order to push away the ISM and produce the
cavity, since the mildly relativistic ejecta from MAXI J1348-630 is
way faster than the winds and it is ejected close to the beginning of
the outburst. However, it is not clear at this stage if the winds have
enough power to carve out cavities at at pc-scale (Hao & Zhang
2009).

5.8.1 Alternative explanations

A scenario alternative to the cavity might involve a denser ISM
region, such as a molecular cloud, encountered by the jet on its
path, which could be responsible for the sudden deceleration of the
ejecta. However, this is unlikely because it would imply that the jet
is travelling in an environment with a standard ISM density n;s, =
1 cm~2, before hitting a higher density region. From our results, such
scenario would require an initial energy of the jet to be a factor ~1000
larger than the estimated E (see Sections 4.2 and 5.4) to match the
observations. This is due to the fact that the swept-up mass would be
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much higher than what is expected in the cavity scenario, unless the
jet is strongly collimated, with a half-opening angle ¢ < 1°.

It is important to mention that a physical obstacle, such as the
border of a cavity, is not strictly required for a relativistic object to
produce a proper motion curve similar to the one of MAXI J1348-
630, shown in Fig. 2. In fact, the object might have a high initial
Lorentz factor and could be continuously decelerating in a uniform
medium with constant density, as for instance could be the case in
MAXI J1820+070 (Bright et al. 2020; Espinasse et al. 2020). The
observed sudden deceleration would be simply the signature that
the jet’s Lorentz factor reached values I' < 2, starting from values
much higher than the ones obtained for our run of the model in a
uniform density environment (Section 4.1). In this context, Doppler
boosting might explain the light curve of the highly relativistic
jet, including the late-time re-brightening. Such interpretation is
discussed in Fender & Rhodes (in preparation).

5.9 The receding component

The receding component paired to the discrete ejection considered in
this work has never been detected in radio (Carotenuto et al. 2021a),
and Doppler de-boosting is likely responsible for this, as discussed
in Section 5.2. Assuming a perfectly bipolar ejection, and the same
physical parameters obtained for the approaching component, we
expect the receding component to display a proper motion fye. =
Besin@[D(1 + BcosB)] ™' ~ 16.7 masd~"'. Hence, from the ejection
time, it would take approximately 1500 d (~4.1 yr) for the receding
ejecta to reach the cavity border at 25 arcsec from the core position,
assuming a symmetrical cavity (which appears to not be the case for
XTE J1550-564; Hao & Zhang 2009; Steiner & McClintock 2012).
This means that, in our reference frame, the receding jet has not
reached yet the cavity border. It might be possible to detect emission
from the receding component once the border is reached, since
the ejecta will transition to a non-relativistic motion, synchrotron
emission from re-accelerated particles will be produced and Doppler
boosting will cease to be effective.

6 CONCLUSIONS

In this paper, we have presented the application of the external shock
model developed by Wang et al. (2003) to the decelerating discrete
ejecta detected during the 2019/2020 outburst of MAXI J1348-630.
We fitted the jet angular distance data with a Bayesian approach
and we found that the model provides an excellent description
of the jet motion, from the first phase of high, constant speed to
the last deceleration phase. From the fit, we are able to obtain
important insights on the physical parameters of the jet and of the
system’s environment. We infer a mildly relativistic jet with an initial
Lorentz factor Ty = 1.85%013 and with a low-inclination angle with
respect to the line of sight 6 = 29.31@:; deg, implying that Doppler
boosting is likely responsible for the non-detection of the receding jet
component. The initial energy of the jet (Ey = 4.63940 x 10% erg)
is very large and it provides support to the recent claim that ejecta
from BH LMXBs do not radiate away most of their energy, which is
instead largely transferred to the surrounding environment. Due to the
large amount of energy contained in the jet and the short launching
timescale, its ejection presumably required a power larger than what
is available from accretion only, and we discuss in this work several
options that might cause this discrepancy, including the possible
underestimation of the accretion power and/or of the launching
timescale, or the overestimation of two key parameters, ns, and
¢, that cannot be constrained from the model alone. Additional
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observations of discrete ejecta from BH LMXBs, with detailed
estimations of the jet energy and ejection time, will also be needed
to improve our estimations of the true jet power.

We are able to place constraints on the jet mass and on its ejection
date, and we infer that the matter content of such jet might be
dominated by cold protons, which largely exceed the number of
relativistic electrons responsible for the jet synchrotron emission.
The jet travels inside a low-density cavity which is inferred to
have a radius R, = 0.6170¢¢ pc and a density jump § = 980*3%
with respect to the external standard ISM density njy, = lem™3,
before encountering the cavity border and strongly decelerating,
with possible in-situ particle acceleration. This is the first time that
such external shock model, which is simple but rich of physical
information, is applied to a one-sided jet component. In this context,
the coverage of the jet deceleration, which is not common among
jets from XRBs, is fundamental, as it allows us to properly constrain
the jet trajectory and, as a consequence, to constrain the model
parameters. More observations of decelerating ejecta from BH
LMXBs are needed in order to confirm our results and to increase the
size of our sample, which will lead us to a significant improvement
of the current understanding of the jet production, acceleration, and
feedback on the surrounding environment. In order to cover the whole
jetmotion, dense, uniform, and sensitive radio monitoring campaigns
are required, and the new generation of radio-interferometers, such
as MeerKAT (which already detected a significant number of discrete
ejecta), its upcoming upgraded version, SKA-MID (Braun et al.
2015), and the ngVLA (Selina et al. 2018) will be ideal to achieve
this goal.
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Table Al. Measured positions of RK1 and its angular separation from MAXI J1348-630, taken from Carotenuto et al. (2021a). The
errors reported for the coordinates are only the statistical ones from source fitting, while the error on the angular separation takes into
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Calendar date MID Right ascension Declination Angular separation
U (arcsec)
2019-03-09 58551.100 13"48™ 13203+ 0709 —63°16'26726 + 020 2.80 £ 0.46
2019-03-18 58560.075 1348™ 13511 & 0702 —63°16'25/31+ 0/04 3.89 + 0.44
2019-03-25 58567.074 13"48™13519 4 0704 —63°16'24745+ 0708 492 £0.44
2019-03-31 58573.759 13748Mm13329 + 0719 —63°16/23/57+ 0/23 6.00 + 0.20
2019-04-01 58574.061 13h48™13%23 4 0742 —63°16'23/83+ (/52 5.58 +0.49
2019-04-08 58581.715 13748™13$363 + 07005 —63°16'22/774 0/01 6.78 £ 0.02
2019-04-09 58582.053 13748™13%31 4 0741 —63°16'23/514 0713 6.15+0.48
2019-04-15 58588.053 13"48™13$36 4 0704 —63°16'22/43+ 0/05 7.23 £0.44
2019-04-16 58589.806 13"48™13540 & 0702 —63°16 2213+ 0701 7.64 +0.25
2019-04-20 58593.074 13h48™ 13544 4 0708 —63°16'21797+ 0707 7.90 + 0.44
2019-04-29 58602.144 13"48m13572 4+ 0775 —63°16'20788+ 0”15 9.39+0.25
2019-04-30 58603.306 1374813358 + 021 —63°16 21705+ 0704 9.14 +0.18
2019-05-04 58607.908 13"48™13$52 4 0708 —63°16'20764+ 0728 9.20 £ 0.25
2019-05-11 58614.909 13"48m13$53 4+ 0715 —63°16' 20740+ 0737 9.69 + 0.31
2019-05-18 58621.888 13748Mm13369 + 031 —63°16'18/88+ (/81 11.61 +0.68
2019-10-19 58775.616 13h48™ 14599 + 0728 —63°16 06731+ 0715 26.74 + 0.46
2019-10-26 58782.597 13"48™14594 + 0725 —63°16 067284 0”15 26.58 4+ 0.46
2019-11-01 58788.670 13h48™ 14584 + 0758 —63°16'05/68+ 014 26.73 £ 0.48
2019-11-10 58797.408 13"48™14599 4 0728 —63°16 05747+ 0/67 2745+ 0.71
2019-11-18 58805.403 13"48™14599 + 0713 —63°16 05750 0736 2741 +0.53
2019-11-24 58811.345 13"48™14597 4 0718 —63°16' 06792+ 0739 26.63 + 0.41
2019-11-27 58814.722 13h48m 14582 4 0778 —63°16 06705+ 0705 26.36 + 0.26
2019-11-30 58817.449 13"48™14590 & 0725 —63°16'06/27+ 0727 27.19 +£0.31
2019-12-03 58820.734 13"48™15816 4 0779 —63°16 06744 0/41 27.03 + 0.43
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2019-12-14¢ 58831.316 13"48™15%05 4+ 0716 —63°16 05788+ 0728 27.44 +0.33
2019-12-20 58837.428 13"48™14593 4 1719 —63°16 05728+ 053 27.38 £ 0.69
2020-02-08 58887.185 13"48™15%03 + 0723 —63°16'05723+ 0759 27.94 £+ 0.56

“Combination of the MJD 58830 and 58831 ATCA epochs to obtain a higher significance detection of RK1 at both 5.5 and 9 GHz.
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APPENDIX B: NUMBER OF RADIATING ELECTRONS

We present here in detail the calculation of the number or radiating electrons N, that we applied in Section 5.7. This is obtained by performing
standard minimum energy calculations, as outlined in Longair (2011). We consider a synchrotron source with volume V and monochromatic
luminosity L, at frequency v, characterized by a power-law spectrum L, o v~* (we note that here we use a different notation compared to
Section 1 for the radio spectral index «). We assume a standard electron distribution modelled as a power law with index p = 2« + 1, where
the electron energy spectrum per unit volume is

N(E)dE = kE"PdE. (BI)
The synchrotron radio luminosity L, depends on the energy spectrum of relativistic electrons and on the magnetic field B as

L, = A(@)VkB't*p=, (B2)

for which the constant A(«) can be expressed as

V3eé? [3 e

2 im3ct

p—1

} " a(p), (B3)

Ald) = ——
(@) dmeqmec

where € is the permittivity of free space, and for which
19 1 5
_VAT(E+ )T (-5 (5+3)
2 (p+ D (§+7)

where I"(x) is the Gamma function.
To obtain the total number of relativistic electrons, we integrate equation (B1) between the minimum and maximum electron energies

Emax Emax ) (pT_l) 1 FTF LU 1-p 1-p
N, = V/ N(E)E = V/ kEPdE = (7) { } [umﬁ, - vmﬁx} , (B5)
E

a(p) , (B4)

min Emin p - 1 C A(a)B
for which we express Eni, and Ey.x as a function of the minimum and maximum frequencies at which the electrons radiate
1 1
Vmin \ 2 Vmax \ 2
Enin= ()" Ena = ()" B6
n CB ma CB (B6)
where
c=020.2 ¢ | (B7)
T 2 27ume (mec?)?
At equipartition conditions, the magnetic field B corresponding to the minimization of the total energy can be written as
2
3po Gla)nL, |7
B=|——"-—"—"—| , B8
[ Sy (BS)
where i and n are discussed in Section 5.7, and where
1-p
1 1 2y ] e p2 ATegmec [3 e 7
Gla)= — Vmin © . — VUmax® |V 2 CTOT) | B9
@= i -2 { mn e e |2mmict (B9)

APPENDIX C: ADDITIONAL FIGURES

We show in this section the results for the two other possible parameter choices discussed in Section 4. The first possibility involves a jet
moving in a uniform ISM with density g, = 1 cm™? (fixing 6 = 1 and R, = 0). The fit is shown in Fig. C1. As mentioned in Section 4.1, this
scenario does not appear consistent with our data, as the model fails to reproduce the decelerating part of the jet motion.

The second possibility, presented in Section 4.3, consists of fitting the jet motion including the presence of a low-density ISM cavity, with
the same setup as the main results presented in this work, in Section 4.2 and in the Discussion. The only difference is in the prior on the source
distance, that now is chosen to be centered at 3.39 kpc, a value obtained by Lamer et al. (2021) from the detection with eROSITA of X-ray
echoes from a giant dust-scattering ring. The fit is shown in Fig. C2. The plot appears very similar to the main one, which shown in Fig. 2,
implying that the choice of the prior on the source distance does not significantly affect the conclusions of this paper.
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Figure C1. Same as Fig. 2, but assuming an ISM with uniform density. As the model without the inclusion of a cavity fails to reproduce accurately the jet
deceleration phase, we deem this scenario unlikely.
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Figure C2. Same as Fig. 2, but assuming a prior on the source distance centered on 3.39 kpc (Lamer et al. 2021). The model appears to fit reasonably well our
data, and the results are very similar to what reported in Section 4.2, implying that the choice of the prior on the source distance does not significantly affect the
conclusions of this work.
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