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Abstract

Roche lobe overflow from a donor star onto a black hole or neutron star binarzy companion can evolve to a phase of
unstable runaway mass transfer, lasting as short as hundreds of orbits (<107 yr for a giant donor) and eventually
culminating in a common-envelope event. The highly super-Eddington accretion rates achieved during this brief
phase (M > 10°Mgqq) are accompanied by intense mass loss in disk winds, analogous to but even more extreme
than ultraluminous X-ray (ULX) sources in the nearby universe. Also in analogy with the observed ULX, this
expanding outflow will inflate an energetic “bubble” of plasma into the circumbinary medium. Embedded within
this bubble is a nebula of relativistic electrons heated at the termination shock of the faster v 2 0.1¢ wind/jet from
the inner accretion flow. We present a time-dependent, one-zone model for the synchrotron radio emission and
other observable properties of such ULX “hypernebulae.” If ULX jets are sources of repeating fast radio bursts
(FRB), as recently proposed, such hypernebulae could generate persistent radio emission and contribute large and
time-variable rotation measure to the bursts, consistent with those seen from FRB 20121102 and FRB 20190520B.
ULX hypernebulae can be discovered independently of an FRB association in radio surveys, such as VLASS, as
off-nuclear point sources whose fluxes can evolve significantly on timescales as short as years, possibly presaging
energetic transients from common-envelope mergers.

Unified Astronomy Thesaurus concepts: Radio transient sources (2008); Ultraluminous x-ray sources (2164);
X-ray binary stars (733); Shocks (2086); Plasma astrophysics (829); High energy astrophysics (1261); Burst

astrophysics (739); X-ray transient sources (187)

1. Introduction

A key stage in the “field” channel for forming tight neutron
star (NS) and black hole (BH) binaries that merge due to
gravitational waves is the common-envelope interaction
between a massive evolved donor star and an orbiting NS or
BH companion (e.g., Belczynski et al. 2002; Dominik et al.
2012; Vigna-Gomez et al. 2018; Law-Smith et al. 2020).
Unfortunately, the process by which mass transfer via Roche
Lobe overflow (RLOF) becomes unstable, leading to the
immersion and inspiral of the BH/NS through the envelope of
the donor companion star (e.g., MacLeod & Loeb 2020;
Marchant et al. 2021), remains poorly understood. For similar
reasons, the final binary separations that result once the
common envelope is removed also remain poorly constrained
by theory (e.g., Ivanova et al. 2013), thereby limiting our
ability to make accurate predictions for LIGO source popula-
tions (e.g., Broekgaarden et al. 2021; van Son et al. 2022).

One approach to addressing these open questions is by
directly observing common-envelope events in real time. The
ejection of envelope material from one or both stars in a stellar
merger event is accompanied by a ~month-long optical/
infrared transient known as a “luminous red nova” (LRN; e.g.,
Tylenda et al. 2011). However, the low luminosities L < 10!
erg s~! of LRNe, powered by the shock-heated ejecta and
energy released by hydrogen recombination (e.g., Soker &

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

Tylenda 2006; Matsumoto & Metzger 2022), limit their
detection to the nearby universe (within the Milky Way or
nearby galaxies), compared, for instance, to supernovae. On the
other hand, if the donor star envelope is not removed and the
inspiraling NS/BH is driven to merge with the donor’s helium
core, the tidal disruption and hyperaccretion of the dense core
onto the NS/BH may power a more energetic explosion (e.g.,
Chevalier 2012; Soker et al. 2019; Schrgder et al. 2020; Dong
et al. 2021; Metzger 2022). Such “failed” common-envelope
events may be connected to the nascent class of engine-
powered “fast blue optical transients” (FBOTsS; e.g., Drout et al.
2014; Margutti et al. 2019; Ho et al. 2021), which though much
rarer than LRNe, can be detected to far greater distances.
This paper considers another source of electromagnetic
precursor emission of putative LIGO progenitor binaries from
the binary mass-transfer phase that precedes the common
envelope and any concomitant LRN or FBOT transient.
Observations of stellar mergers (such as the well-studied event
V1309 Sco; Tylenda et al. 2011; Pejcha 2014; Mason &
Shore 2022) indicate that the process of dynamically unstable
mass transfer is not instantaneous but rather takes place over
many tens or hundreds of binary orbital periods (e.g., Pejcha
et al. 2017; MacLeod & Loeb 2020). Applying similar
considerations to massive star binaries with BH/NS accretors,
the mass-transfer rate during this predynamical phase can
exceed the Eddington rate by many orders of magnitudes. In
some systems, a less extreme, but still super-Eddington,
thermal-timescale mass-transfer phase will precede the dyna-
mical one (e.g., Pavlovskii et al. 2017; Klencki et al. 2021;
Marchant et al. 2021). Thus, in the millennia to years prior to
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the onset of the common envelope, the accretion flow onto the
BH/NS is similar to, if not more extreme than, those believed
to characterize the “ultraluminous X-ray” (ULX) sources in
nearby galaxies (e.g., Feng & Soria 2011; Kaaret et al. 2017).

Super-Eddington accretion is predicted on theoretical grounds to
be accompanied by powerful outflows of mass and energy in the
form of wide-angle disk winds and collimated relativistic jets (e.g.,
Blandford & Begelman 1999; Sadowski & Narayan 2015, 2016),
and indeed, many ULX systems exhibit evidence for such outflows
(e.g., Begelman et al. 2006; Poutanen et al. 2007; Kawashima et al.
2012; Middleton et al. 2015; Narayan et al. 2017). Large-scale
(>100 pc) ionized nebulae are observed around some ULXs: the
so-called ULX “bubbles” (e.g., Pakull & Mirioni 2002; Roberts
et al. 2003; Pakull et al. 2006; Kaaret & Feng 2009).5 The size and
expansion rates of known ULX nebulae point to typical source
ages of millions of years (e.g., Kaaret et al. 2017). An energy
input of ~10°-10°" erg is required to explain the size, age, and
luminosities of these nebulae (e.g., Roberts et al. 2003; Pakull
et al. 2010; Soria et al. 2021), well beyond that supplied by
typical supernovae (Asvarov 2006) but consistent with that
released by the accretion of several solar masses onto a BH if
~10% of the liberated gravitational energy goes into outflow
kinetic energy. ULX nebulac are observed to emit radio
synchrotron emission and optical lines characteristic of shock-
ionized gases (Miller et al. 2005; Soria et al. 2006; Lang et al.
2007), supporting their power sources being continuous disk
and jetted outflows from the central accretor.

In the present paper, we develop a model for ULX nebulae
that we extend to much shorter-lived binary outflows that
immediately precede common-envelope events. We dub these
hypothesized sources “ULX hypernebulae” due to their much
higher outflow powers compared to the more volumetrically
abundant and longer-lived ULX observed in the nearby
universe. This work is motivated not only by the potential of
hypernebulae to be precursors to BH/NS common envelopes
detectable by present or future radio surveys but also by the
previously hypothesized connection between these sources and
the phenomena of extragalactic fast radio bursts (FRB; e.g.,
Lorimer et al. 2007; Thornton et al. 2013; Petroff et al. 2019;
Cordes & Chatterjee 2019 for reviews).

Although most FRBs have only been detected once, several
repeating FRB sources have now been discovered (e.g., Spitler
et al. 2016; CHIME/FRB Collaboration et al 2019; James 2019;
Caleb et al. 2019; Ravi 2019; Oostrum et al. 2020; Kirsten et al.
2022). Two of the best-studied repeating sources, FRB
20180916 and FRB 20121102, exhibit periodicities in the active
windows over which bursts are detected of ~16 and ~160 days,
respectively (The CHIME/FRB Collaboration et al. 2020;
Rajwade et al. 2020). Based in part on the similarities between
these timescales and ULX superorbital periods, Sridhar et al.
(2021) proposed ULX-like binaries as a source of repeating
(periodic) FRBs. In this scenario, FRBs are generated via
magnetized shocks (Lyubarsky 2014; Beloborodov 2017;
Metzger et al. 2019) or magnetic reconnection (Lyubarsky 2020;
Mahlmann et al. 2022) in transient relativistic outflows” within
the evacuated jet funnel of the accretion disk; periodicity in the

5 Such jet-inflated bubbles—although much smaller in size—have also been

observed surrounding non-ULXs like Cyg X-1 (Russell et al. 2007).

% In essence, many of the physical processes that can take place within the
magnetosphere or wind of magnetars (confirmed FRB sources; The CHIME/
FRB Collaboration et al. 2020; Bochenek et al. 2020) can also occur in the
magnetized relativistic jet of a BH or NS.
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burst activity window is imprinted by the precession of
the binary jet axis—along which the FRB is relativistically
beamed—in and out of the observer’s line of sight (see also
Katz 2017).

Two repeating FRB sources, FRB 20121102 (Chatterjee
et al. 2017) and FRB 20190520B (Niu et al. 2021), are spatially
colocated with luminous (L, >3 x 10°® erg s™') and compact
<1pc (Marcote et al. 2017; Chen et al. 2022) sources of
optically thin synchrotron radio emission—the so-called FRB
persistent radio sources (PRS). The bursts from both of these
objects exhibit large and time-variable rotation measures,
IRM| ~ 10° rad m ™, indicating that the source of the FRB
emission is very likely embedded within the same dynamic,
highly magnetized environment responsible for generating the
synchrotron PRS (e.g., Michilli et al. 2018; Niu et al. 2021;
Anna-Thomas et al. 2022; Feng et al. 2022; Mckinven et al.
2022; Plavin et al. 2022). Previous works have attributed PRS
variously to dwarf galaxy active galactic nuclei (e.g.,
Zhang 2017; Thompson 2019; Eftekhari et al. 2020; Wada
et al. 2021) or a plerion-like magnetized nebula of relativistic
particles powered by outflows from a young magnetar (e.g.,
Beloborodov 2017; Kashiyama & Murase 2017; Metzger et al.
2017; Margalit & Metzger 2018; Zhao & Wang 2021; see also
Yang et al. 2020, 2022).” A related goal of the present work is
therefore to assess whether PRS are consistent with being ULX
hypernebulae, thereby supporting an accretion-jet origin for
FRB emission and strengthening the potential connection
between repeating FRB sources and future NS/BH common-
envelope events.

This paper is organized as follows. In Section 2, we outline a
one-zone model for the radio nebulae of hyperaccreting
sources. We develop the model with analytical formalisms
concentrating on the effect of slower outer disk winds in
Section 2.2 and the effect of the faster inner jet in Section 2.3
and on the dynamics of nebular expansion and radiation. In
Section 3, we present numerical solutions for the evolution of
the particle distribution function in the nebula that predict its
time-dependent observable properties, such as its radio light
curve, spectra, and RM. In Section 4, we discuss the
observational implications of our model: its detection
prospects with blind surveys (Section 4.1), application to
FRBs (Section 4.2), and local-universe ULXs (Section 4.3).
We conclude in Section 5 and provide a list of all the
timescales introduced in this paper and their definitions in the
Appendix.

2. Model for ULX Hypernebulae

In what follows, we outline a model for accretion-powered
nebulae and their emission, motivated by observations of ULX
bubbles which we briefly review here in order to justify the
underlying physical picture (see Figure 1 for a schematic
illustration).

The X-ray luminosity of the high-inclination Galactic
microquasar SS 433 is only ~ 10°°~10%" ergs™' (Abell &
Margon 1979), but its face-on luminosity is predicted to be
higher, ~10°°-10%° ergs™', in which case it would likely
resemble extragalactic ULX (Margon 1984; Poutanen et al.
2007; Medvedev & Fabrika 2010; Middleton et al. 2021).

7 Though we note that an electron—positron nebula, such as those inflated by

the winds of rotation-powered pulsar or magnetar, cannot readily account for
the high RM of known FRB PRS, which instead requires a magnetized medium
with an electron—ion composition (Michilli et al. 2018).
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Figure 1. Schematic diagram of the disk-wind/jet-inflated nebula. The central black circle denotes a compact object (black hole or neutron star) accreting matter at
near or exceeding super-Eddington rate from a companion star (not shown here) undergoing thermal- or dynamical-timescale mass transfer. The radiatively inefficient
accretion disk “puffs up” to resemble the advection-dominated inflow-outflow solution (ADIOS; Blandford & Begelman 1999). Such disks are subject to strong
outflows in the form of wide-angled disk winds, which feed mass and energy into the large-scale environment and help shape the polar accretion funnel and the jet
cavity. The wind-fed ejecta shell drives a forward shock (solid gray curve) into the ambient circumstellar medium (CSM; of density p.sm) that is separated from the
ejected shell/shocked disk-jet winds (dashed gray curve; at a distance R given by Equation (10)) by a contact discontinuity (dotted gray curve). The top-left inset
shows how the jet “head” and the disk winds feed matter into their environment and shape their surroundings. Yellow wiggles emanating from the jet cavity represent
an FRB-like coherent radio pulse beamed along the instantaneous jet axis (refer to Sridhar et al. 2021 for a detailed schematic and its emission mechanism). The radio
pulse travels through a nebula of electrons (green cloud) gyrating around the local magnetic field that imparts a large RM to the pulse; the electrons cool via various
radiative and expansion losses (Section 2.3.1), generating persistent synchrotron radio emission. These electrons are energized and injected into the nebula by the
shock formed at the jet-CSM/wind shell interface (Section 2.3). The location of this termination shock determines the boundary of the nebula (with a “size” Ry;
Equation (28)). The asymmetric/bipolar shape of the nebula is the result of the higher ram pressure of the jet/disk outflows along the polar accretion axis (with
velocities v; > v,,) and within the precession cone of the jet (possibly responsible for imparting periodicity in the active FRB phase). The filamentary green structure
underlying the schematic is an actual image of the Westerhout 50 (W50/“Manatee”) nebula surrounding the Galactic ULX-like microquasar SS 433, obtained with
NRAO’s Karl G. Jansky Very Large Array (VLA) and NASA’s Wide Field Survey Explorer (WISE; Wright et al. 2010). Credit for the actual image of the W50

nebula: NRAO/AUI/NSF, K. Golap, M. Goss.

Super-Eddington accretion flows of this type are geometrically
thick, radiatively inefficient (Abramowicz et al. 1980; Narayan
& Yi 1995), and dominated by mass outflows (Blandford &
Begelman 1999; Poutanen et al. 2007). The latter include wide-
angle disk winds and collimated jets, which inflate nebulae of
thermal and nonthermal particles around the accretor, generat-
ing observable optical, X-ray, and radio signatures (Abolmasov
et al. 2009; Gurpide et al. 2022). Supporting this picture are
Karl G. Jansky Very Large Array (VLA henceforth) observa-
tions of the W50 “manatee” nebula surrounding the Galactic
ULX-like microquasar SS 433, the nebula surrounding the
ULX in NGC 7793 (Dubner et al. 1998), ATCA observations
of the S26 nebula surrounding the ULX in NGC 7793 (Soria
et al. 2010), and MUSE observations of NGC 1313 X1
(Gurpide et al. 2022), for example.

These and other observations suggest that ULX nebulae
generally possess at least three distinct components: (i) large-
scale quasi-spherical bubble inflated by the slow accretion disk
winds (Fabrika 2004; Pakull et al. 2006), (ii) bipolar
dumbbell-shaped lobes generated by the (often precessing)
faster jet-wind activity (Begelman et al. 1980; Veldzquez &
Raga 2000; Zavala et al. 2008), and (iii) an inner aspherical
HTI region due to the photoionizing X-rays radiated by the
central accreting source (Pakull & Mirioni 2002; Roberts et al.

2003; Abolmasov et al. 2009; Gurpide et al. 2022). The slow
winds from (i) interact with the CSM via a forward shock,
forming a shell of shocked CSM separated by the shocked
wind material by a contact discontinuity (Weaver et al. 1977).
By contrast, the faster jet (source ii)—which is predicted to
emerge along the instantaneous angular momentum axis of the
inner accretion disk—interacts in a similar fashion via a
termination shock with the swept-up shell (source i); the
latter exists even along the polar axis of the binary system due
to the precession of the disk and hence the direction of its
outflows. The higher average velocity of the disk-wind/jet
material within the precession cone where they interact
imparts ULX nebulae with their observed prolate (“egg-
shaped”) morphologies (e.g., Pakull et al. 2010; Soria et al.
2010; Gurpide et al. 2022).

The bulk of the mechanical energy of the disk outflows is
dissipated in forward and reverse shocks via source (i), which
therefore governs the evolution of the overall size of the shell
and produces one source of electromagnetic emission (thermal
radio, optical, X-ray; e.g., Siwek et al. 2017). However,
because the velocities of these shocks are relatively low and
their thermal and nonthermal radio luminosities relatively
weak, considered alone they result in “radio-quiet” ULX
bubbles. By contrast, the shock interaction between the faster,
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relativistic jet and the slower wind-ejecta/CSM shell places a
significant power into relativistic electrons, generating radio
synchrotron emission (seen as “lobes” or “hot spots” when
resolved), which dominates over component (i) (e.g., NGC
7793-S26; Pannuti et al. 2002; Soria et al. 2010). In this paper,
we focus on such synchrotron ‘“radio-loud” ULX bubbles,
predominantly powered by the jet—shell interaction.

Some ULXs also exhibit faster-varying nonthermal radio
emission (e.g., Middleton et al. 2013; Anderson et al. 2019),
which originates from the base of the ULX jet. However, for
the extremely high M systems of greatest interest in this paper,
the optical depth through such a high-luminosity jet (e.g., to
synchrotron self-absorption, SSA hereafter) may be too high
for such emission from the jet base to escape.

2.1. Binary Mass-transfer Rate and Active Duration of the
Accretion Phase

Consider a binary composed of a star of mass M, transferring
material via RLOF onto a BH or NS remnant of mass M.. The
source has been accreting at close to the present rate for a time
t < tactives Where here #,.ve 18 the total duration of the accretion
phase set by the mechanism of binary angular momentum loss
and the response of the stellar envelope to mass loss.

If the donor star is undergoing stable mass transfer on or
close to the main sequence, the duration of the accretion phase
is roughly given by the donor’s thermal timescale (e.g.,
Kolb 1998; Sridhar et al. 2021),

30M;,

)

. Y
factive ~ T ~ 10° yr( x ) , (Stable mass transfer).

ey

If the donor has evolved off the main sequence, the stable
mass-transfer timescale can be even shorter, €.g., facive ~ 10* yr
(or much longer in the case of nuclear-timescale mass transfer;
e.g., Klencki et al. 2021).8 On the other hand, the mass-transfer
phase that immediately precedes a stellar merger or common-
envelope event is dynamically unstable, occurring in a runaway
fashion over a timescale as short as tens or hundreds of orbits
(e.g., Pejcha et al. 2017; MacLeod & Loeb 2020):

factive ~ (10-100)P ~ 3 — 30 yr(l()()ddys)

(Unstable mass transfer), 2)

where P ~ 10-100 days for typical ULX binary orbital periods
(e.g., Abell & Margon 1979; Grisé et al. 2013; Bachetti et al.
2014; Motch et al. 2014; Walton et al. 2016).9 For a given
active time, the resultant binary mass-transfer rate is

8 Short-timescale Factive S 10%-10* yr mass transfer can also take place in the

case of very massive donor stars that remain inflated after recently undergoing
a pulsational pair-instability outburst (e.g., Marchant et al. 2019).

® Even shorter timescales of <days characterize accretion onto a stellar-mass
black hole following the tidal disruption of a passing star (the so-called “micro-
TDEs”; e.g., Perets et al. 2016; Kremer et al. 2019). Although such events may
generate high-energy transients, the high densities of the outflows from such
sources render the ejecta opaque to the sources of emission explored in this

paper.
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approximately

M~ M, ; M ~ 105(£)
Tactive MEdd SOMO

-1 -1
% M. Tactive > 1’ (3)
10M, 103 yr

where Mgaq = Lgqa /(0.1 ¢2) is the Eddington accretion rate
and Lggq >~ 1.5 x 10°°(M./10M..) ergs™".

Figure 2 summarizes f,.. and other key timescales in the
problem discussed below, as a function of the binary mass-
transfer rate M. Explaining observed FRB luminosities
Lerg ~ 10*°-10* ergs ' (top-left panel of Figure 2) via an
accretion-powered jet requires a minimum accretion rate onto the
NS/BH. As discussed in Sridhar et al. (2021), accounting for
mass loss in disk winds (which reduces the accreted mass
reaching the inner disk by a factor of f,, ~ 102 relative to the
mass-transfer rate; Blandford & Begelman 1999) and the low
predicted radio efficiencies of FRB emission models (f: ~ 10~ 3
e.g., Plotnikov & Sironi 2019; Sironi et al. 2021; Mahlmann
et al. 2022), this condition requires a binary mass-transfer rate

-1
. , L 1, Je
M 2 10°M, TRE LI
~ Edd(1042 ergs 1 )\ 102 1073

Jo Lgqa -
. 4
8 (102)(1039 erg sl) @)

Here, f, is the beaming factor, which is constrained in
repeating FRB sources by the duty cycle of the burst activity
(e.g., Katz 2017; Sridhar et al. 2021). Despite large uncertainties,
Equations (3) and (4) show that the observed FRB population is
consistent with accreting systems characterized by a range of
stable and unstable mass-transfer timescales, #,.ye ~ 10-10° yI.

As an aside, we note that an upper limit on the mass-transfer
rate arises from the requirement that the super-Eddington
accretion disk must “fit” within the binary orbit (e.g., King &
Begelman 1999). For sufficiently high M, mass loss occurs
through the outer L, Lagrangian point in an equatorially
concentrated circumbinary outflow (Pejcha et al. 2016; Lu et al.
2022), effectively limiting that feeding the NS/BH accretion
flow. The “trapping radius,” interior to which the accretion rate
is locally super-Eddington, is given by Begelman (1979),

Ry ~ ZGi”‘( M ) ~ 4R@(5L.). (5)
¢ Mgqq 10°Mgqq

For main-sequence stars, M is limited to relatively modest
values 5105MEdd before R, exceeds the outer edge of the BH/
NS accretion disk (typically comparable to the size of the binary
orbit ~R) and the fraction of the donor’s mass-loss rate that
feeds the outer disk (and hence the central NS /BH) drops due to
L, mass loss (e.g., Lu et al. 2022). By contrast, for evolved giant
star donors, larger values M /Mggq > 107 are possible because
of the larger orbital separation of the binary A>J102 R

2.2. Disk-wind-inflated Nebula

The disk-wind outflows that accompany highly super-
Eddington accretion carry a total mass-loss rate M, which
nearly equals the entire mass-transfer rate, i.e., M, ~ M (e.g.,
Blandford & Begelman 1999; Hashizume et al. 2015), with only
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Figure 2. Critical timescales in the evolution of ULX hypernebulae as a function of the mass-transfer rate M in units of the Eddington rate Mggq = Lgaq /(0.1¢?) for an
assumed accretor mass M. = 10M,, and donor mass M, = 30M_... The bottom-left panel is computed for the fiducial model (parameters listed along the top-right side),
and the right panels present the critical timescales for models with a different v, = 0.003 ¢ (top) and 77 = 1 (bottom), but otherwise the same set of remaining fiducial
parameters. Different lines and regions denote the following. (1) brown-solid line: maximum active time f,.ve (Equation (3)); (2) red dotted line: duration of free-
expansion phase, fn.. (Equation (9)); (3) blue dotted—dotted—dotted line: the time r > tlffi“ after which radio emission (at 1 GHz) is no longer attenuated by free—free
absorption (i.e., 7 < 1; Equation (14)); (4) green dashed line: the time 7 > tcff after which the forward shock becomes radiative (Equation (18)); (5) purple dashed—
dotted line: thermal electrons entering the nebula cool efficiently via synchrotron emission at times ¢t < £5}" during the free-expansion regime and ¢ > ;)" during the
decelerating regime (Equation (48)). Gray shaded regions show the maximum time derivative of the DM, through the wind-ejecta shell (Equation (12)). Note that
synchrotron cooling is efficient for the entire presented range of duration (1-10° yr) and M /Mggq (10'=107) for the v,, = 0.003¢c model. The top-left panel is the
fractional FRB luminosity distribution calculated from the first CHIME catalog; the solid black histogram represents all the bursts, the red dotted histogram represents
the first burst from repeaters, and the green dashed histogram represents the nonrepeaters (CHIME/FRB Collaboration et al. 2021): The FRB luminosity is along the
top horizontal axis and the minimum required mass-transfer rate along the bottom axis (following Equation (4), adopting the fiducial but uncertain values for the
radiative efficiency and beaming).

a small fraction making its way down to the BH/NS surface.
Depending on the radial scale of their launching point in the disk
or binary, the outflows can possess a range of speeds, from values
similar to the binary orbital velocity, v, < 100 km s™, to the
transrelativistic speeds v; 2 0.3c that characterize jet-like outflows
from the innermost radii of the disk (and similar to those
observed in SS433 and ULX; e.g., Jeffrey et al. 2016 and
references therein). In ADIOS models for the radial disk structure
(Blandford & Begelman 1999; Margalit & Metzger 2016), the
mass accretion rate decreases as a power law with radius M oc r?
for r € [Fin, foww S Ry, where ryy > rip. Assuming the outflows

where in the second equality we have normalized ry, to
gravitational radius r, = GM./ ¢* and take p = 0.6 (as supported
by hydrodynamical simulations of radiatively inefficient
accretion flows; e.g., Yuan & Narayan 2014; Hu et al. 2022).
In what follows, we take vy, ~0.03¢ as a fiducial value,
consistent with that expected for a main-sequence or
moderately evolved donor star feeding a relatively compact
accretion flow, ryy ~ R.. However, lower value v,, <0.01 ¢
may be appropriate for a giant donor star (roy > 10°R.) or for
larger values of p. The kinetic luminosity of the wind is then

local to each annulus in the disk reach an asymptotic velocity I a lM 2 4 102 O .
equal to the local disk escape velocity, the kinetic energy- vy why ~ erg s 105Mgaq
averaged wind velocity is given by (e.g., Metzger 2012) v
x ( ' )v£,9 ergs !, (7)
Vo | — p GM. (ri)p IOMO
" I —p rin \ou where vy, 9 = vy,/ (109 cm sfl) and hereafter we adopt the short-
o O3 —0.2 -03 hand notation Y, = ¥Y/10" for quantities given in cgs units. In
~ 0.05 c(—) Jin_ (VO‘”) , 6) analytic estimates hereafter, we shall typically fix the value of
10M 67, Ro M.=10M_, and use L,, and M, interchangeably.
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The quasi-spherical disk winds expand into the circumstellar
medium (CSM) of assumed constant density peem = pnn,
where p=1.38 is the mean atomic weight for neutral solar
composition gas, and we adopt a density n~ 10 cm ™ typical
of the environments of massive stars (Abolmasov et al. 2008;
Pakull et al. 2010; Toald & Arthur 2011). Initially, the wind
expands freely into the CSM, until sweeping up a mass
comparable to its own, as occurs at the radius r.;. Equating the
mass released in the wind ~M,t up to a given time ¢~ reg/vy,
to the mass of the swept-up CSM, %(477/ 3 Pesm>

1/2 172
L L
Tos = (7‘”3) ~ 0.7 pc w,;lZ . ®)
27Tpcsm Vi Yy 9
The free-expansion phase thus lasts a duration
1/2
L
thee R fos o 70 yr( W‘42) ‘;59/2. O]
Vw m

For stable mass-transfer systems, Z,cgive = 10° VI > tee, 1.€., the
system is active well past the free-expansion phase. By
contrast, for the unstable case fgee 2 facive ~ 1-100 yr, i.c.,
the wind ejecta released preceding a common-envelope event is
likely to be freely expanding.

At later times #>> fg, the ejecta shell begins to appreciably
decelerate as its swept-up mass exceeds that injected by the
wind, causmg the shell radius to grow more gradually in time,
R /> (Weaver et al. 1977). The radius evolution, bridging
the free-expansion and decelerating phases, can thus be
approximated as

vyt & 0.7 pc 1 < tiree
p (70 yr) (t < Ifree)
R(t) ~
Lyt3 13 Lyn)"( ¢ 3
al —— ~ 0.8 pc (l > lfree)s
(10)

where o~ 0.88 while the forward shock is adiabatic and
a~(0.76 after it becomes radiative (Weaver et al. 1977; as
occurs on a timescale ~10°-10° yr, see Section 2.2.1). After
the central outflow source turns off at 7> 7,.ve, the nebula’s
expansion transitions to a more rapid Sedov-Taylor decelera-
tion phase, for which R £,

The mass accumulated inside the shell is

Myt ~ 1.5M, | — M ! (t < free)
Mg, ~ lOSMEdd 70 yr (1 1)
(47T/3)pc<mR3 ~ 0.8M; (Lw 42"1 Iy, 3)1/5 (> Ihree)

Assuming the shell remains ionized, its expansion results in a
(maximum) dispersion measure (DM) through the shell:

Msh
47R*m,

M, t Y
10 pc cm ™3 e (t < free)
IOSMEdd “\ 70 yr

-3 Lw,42 1 t 33
4 pccm T 7031 (t > tree)-
1

DMsh =

12)

Sridhar & Metzger

Gray contours in Figure 2 show |dDMy,/dt] as a function of
M and source age. Other potential sources of time-dependent
DM include electrons in the nebula (Section 2.3.1) and the
unshocked disk outflow at radii <R, driven by the orbital
motion or precession of the inner disk (Sridhar et al. 2021). The
optical depth through the shell to free—free absorption is
approximately given by

Tie = o R(1)

. 2 -3
7 x 10754 43/2v5( My )( ! ) (t < ffree)

105 MEdd 70 yr
. -1
9 x 10~%v 2T 3/2 _2 L ! (t > Ifree).
105 MEdd 70 yr
(13)

where g ~ 0.018Z20 2T/ 2n, ymion. w8 cm ' (Rybicki &
Lightman 1979), v is the observing frequency, g; ~ 1 is the
Gaunt factor, and we take Z ~ 1, ne g, ~ 1 g, ~ 3Mp,/ (47TR3mp)
for the electron and ion density in the shell, respectively (i.e.,
we have assumed a shell thickness ~R, a reasonable
approximation during the early phases when the forward shock
is adiabatic and the absorption is most relevant). This estimate
of T¢ is an upper limit because we have again assumed the shell
to be fully ionized along the line of sight, e.g., by the central
X-ray source, with a temperature T~ 10* K. The ejecta
becomes optically thin to free—free emission (74 < 1) after a
time

L 2/3
1 ~28yr V92/3vwg/3T41/2(7‘.” ) , (14)

105 MEdd

where we have self-consistently assumed t< ttree- Figure 2
shows that for ~GHz observing frequencies, 7.5 is the shortest
timescale in the system evolution. Any FRB emission from the
vicinity of the central binary, or synchrotron emission from the
nebula embedded behind the shell, will thus be free to escape
for most of the source’s active lifetime.

2.2.1. Thermal X-rays from Ejecta/CSM Shock Interaction

Most of the thermal X-ray emission from ULX nebulae (e.g.,
Pakull et al. 2010) is produced by the disk-wind shell-CSM
shock interaction (e.g., Siwek et al. 2017). We focus on
emission from the forward shock (FS), which becomes
radiative first and hence will typically dominate over the
luminosity of the reverse shock (RS), except at hard X-ray
energies.

The FS heats gas to a temperature set by the shock jump
conditions,

3 Lo VY5 1 YV°
kTi, = myve ~ 130 keV| =2 , (15
[ = g Hmevis N ( o ) (70 yr) (15)

where we take vg=dR/dt=3R/5t for the FS velocity,
corresponding to the deceleration phase ¢ > t;.. (Equation (10)).
The cooling time of the shocked gas is (e.g., Vlasov et al. 2016)

2/5 —-2/5
~ 1 x 106 yef L2 P )
m 70 yr '

(16)

fs ~ 3k7%s
T g A [Ty
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where ng =4n is the post-shock density for adiabatic index
4 = 5/3, and we have assumed a cooling function appropriate
for solar-metallicity gas that includes both free—free emission
and lines A[T]= Ag—+ Ajine, where (Schure et al. 2009;
Draine 2011)

Ag[T] =~ 3 x 1072/(T/K)° erg s~ lem?, (17a)
Aines[T] >~ 2.8 x 107 83(T/K)™7 erg s~ lem’. (17b)

The ratio of the particle cooling time to the expansion
timescale fexp, ~ (5/3)¢ is thus given by

tfs 2/5 t -7/5
Zcool 1 x 104( W42) ( ) , (18)
fexp n 70 yr

where we have assumed free—free cooling dominates (A ~ Ag),
as is valid for Ty > 107 K. The FS thus becomes radiative
(15,1 < texp) after a critical time

L 2/7
(5 % 10¢ yr(ﬂ) , (19)
m

as shown with a green dashed line i 1n Figure 2.
After the radiative transition ¢ > 5, the total luminosity Lg
radiated behind the FS will follow its kinetic luminosity,

I
~ ~ 2,3 o 2
L~ Lkin’fs ~ 3 pst Vg R 67R stnk]}s

~7 x 10Mergs ™ Ly, (>, (20)

where pg[R] = pesm- Before the radiative transition ¢ < th the
radiated luminosity is suppressed from this maximal value
roughly according to (e.g., Vlasov et al. 2016)

—1
t
Lig~|1+4+ = > °°°l Lings  ~, T % 104erg s~
texp fsxp>lcgol
-1
518
(1 + = 1) Lysn, (t<1t®). 1)
texp

Free—free emission from the shock will peak at photon
energies hvy ~ kT, typically in the X-ray band. We therefore
estimate the X-ray luminosity as the portion of the shock’s total
luminosity emitted via free—free emission:

A
Ly ~ (f)Lfs. (22)

This is a conservative lower limit on Lx because it assumes
all line emission is radiated in the optical/UV instead of
X-rays.

In addition to the FS, the RS becomes strong at times ¢ >
and will produce its own free—free emission of temperature,

kT ~ i,ump(vw Vio)? N%umpv ~200ker

16

(23)
and luminosity,
1
Ly~ (1 + = > tcom) Liings =~ 4 x 10 ergs™!
Texp Lexp™1cool
1
x (1 > 21) Luw (<D, 24)
exp
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where the kinetic luminosity of the RS is given by

%pw [RIR] = 39—21t'4v3v ~4 x 10Mergs 'Ly

(25)

Lkin,rs ~

Py [R] = M /(47vR?) and

TS 3kTs 6 Lw,42 2/ t e
ool = T R 2 x 10 yr| —— s
znrsﬂAff[Y}s] m 70 yr

(26)

where 1, = 4p,,/(1my,) is the density of the shocked wind. The
luminosities of the forward and reverse shocks (Equations (21)
and (24)) are comparable at ¢ ~ tg.. because the temperatures
and densities of the shocked gas that determine their cooling
timescales are similar at this epoch (€.g., Pesm ~ Pw) At  ~ tee.
However, at later times ¢>> tfree (and especially after the FS
becomes radiative), we have 155, > 153 |, resulting in Lg > Ly
For these reasons, we hereafter ignore the RS and focus
attention on the FS emission.

Figure 3 shows the FS X-ray luminosity for the same
parameters and ranges of M and system age as in Figure 2.
The highest X-ray luminosity Lx ~ 10 ergs ' is attained for
systems accreting at M /Mgqq ~ 10%, after the FS becomes
radiative at time ¢ ~ % ~ 10* yr. For M /Mggq < 103, the peak
luminosity is lower and attained at later times (¢ ~ £.), while for
systems with much higher M /Mgqq >> 10, the system becomes
inactive before the FS becomes radiative. The peak emission
temperature drops from kT ~ 100 keV at ¢ ~ ftgee to kT ~ 0.1 keV
by the time the X-ray luminosity peaks at z ~ z.*. Due to this, at
t > t13, the forward shock is dominated by line cooling, and the
free—free X-ray luminosity starts decreasing. As we shall discuss
in Section 4, these X-ray luminosities are likely to be challenging
to detect at the typically large distances of ULX hypernebulae.

2.3. Jet-inflated Radio Nebula

Slower winds from the disk (vy~0.03¢; Equation (6))
dominate the total mass loss from the binary, but outflows from
the innermost regions of the disk reach much higher velocities
(vj 2 0.3 ¢) and hence dominate the radio synchrotron emission
(e.g., Urquhart et al. 2018). We hereafter refer to this mildly
relativistic outflow region as the “jet,” even though (1) it may be
distinct from the cleaner ultra-relativistic outflow (e.g., one
originating in the NS magnetosphere or threading the BH
horizon) capable of generating FRB emission (Sridhar et al.
2021); (2) it is an idealization to divide the disk outflows cleanly
into distinct “slow” and “fast” components; a gradual radial
gradient in the outflow properties is more physically realistic.

We take the luminosity of the jet,

1 ..
L= 5ij1'2 = 1L, (27)

to be a fraction 7 of the total disk-wind power L,
(Equation (7)), where the mass-loss rate of the jet therefore
obeys M; = nMy (vy /vj)?. Values of 7> 0.1 are predicted in
ADIOS models, due to the roughly equal gravitational energy
released per radial decade in the accretion flow (e.g., Blandford
& Begelman 1999).

The collision between the jet and the CSM/disk-wind
shell described in the previous section inflates a bipolar
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nebula of relativistically hot particles and magnetic fields
behind the shell. Equating the jet ram pressure ~M;v;/
47R? = L;/(2wR}v)) with the thermal pressure of the nebula
~3Lylexp [4TR? ~ 3L,, /(47R%), we estimate the character-
istic nebula radius

2VLJ' 12
R, ~R
3VjLW

0.05 pc \13/92(—‘}j )1/27]1/2
Y2 \0.5¢ -l

~

Although the nebula shape is bipolar rather than spherical, we
take its total volume to be V, = 47rer /3; the larger polar radius
of the shell compared to its average will partially compensate
for the limited latitudinal extent, e.g., as set by the misalign-
ment angle of the jet precession cone (Figure 1).

A termination shock separates the unshocked jet from the
nebula, where the electrons are heated to relativistic energies.
In what follows, we present a one-zone model for the nebular
electrons from which we calculate their synchrotron radio
emission and estimate the RM and DM through the nebula.
This model is adapted from that of Margalit & Metzger (2018)
who applied it in the different context of nebulae inflated by the
ejecta of a flaring magnetar.

2.3.1. Electron Evolution and Synchrotron Radiation

The number density of electrons in the nebula N.dv with
Lorentz factors between v and ~+dy evolves in time
according to the continuity equation

) 0 0 R
N, = —N, + —(4N,) — 3—=N,, 29
= o ay(” ) R (29)

where the second term on the right-hand side accounts for losses
for adiabatic expansion and radiation, to be enumerated below.

The source term M in Equation (29) accounts for the
injection of fresh electrons into the nebula at the jet termination
shock. Assuming an electron—ion composition of the jet,
electrons heated at the shock will enter the nebula with a mean
Lorentz factor (e.g., Margalit & Metzger 2018)

Lol my 115( Se )( ' )2 (30)
~ gLl » =) —1,
T . 2 05\ 05¢

where ¢, is the heating efficiency of the electrons (values of
€e~0.1-0.5 are found in particle-in-cell simulations of
magnetized shocks spanning non-relativistic to transrelativistic
speeds; Sironi & Spitkovsky 2011; Tran & Sironi 2020). The
energy distribution of the thermal electrons is assumed to be a
relativistic Maxwellian of temperature kT = 4, m.c> / 3, with a

70 yr

3/10 . -1/2

Ly ( Vj )

0.05 pc - g
P ( ny ) 05¢ g
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total particle injection rate obeying

. A7R3 . L;
New =22 [Nydy= ———— (3D
3 2%emec*(1 + o)

(t < ffees V= Vy)
(28)
t

2/5
Dp— t > ftfees V= Vis)-
70y1‘) ( free fs)

where 0; < 1 is the jet magnetization (the ratio of its Poynting
flux to kinetic energy flux).

Although we ignore such a possibility in this paper, an
additional power-law distribution of electrons could be added
to the injected population at this stage in the calculation. This
may be necessary to model the radio emission from (lower-M)
ULX in the nearby universe, for which the thermal synchrotron
peak is below the typical observing frequencies and power-law
synchrotron spectra are measured for the jet hot-spots hot spots
(e.g., Urquhart et al. 2018; Section 4.3).

If only as a result of the jet material being magnetized, the
nebula will be magnetized, with an average magnetic field
strength B,. The magnetic energy Ep = (an /8m)V, of the
nebula is assumed to evolve in time according to

R,
)Lj - R—HEB, (32)

dBs _[_7
dt I+ g

where the first term on the right-hand side accounts for the
injection of magnetic fields from the jet and the second term
accounts for adiabatic losses (assuming the magnetic field is
tangled and evolves as a gas of an effective adiabatic index
4 = 4/3). Equation (32) assumes that the magnetic energy is
not dissipated in the nebula faster than the expansion timescale,
which is tantamount to the assumption of a constant
nebula magnetization, o, = (vj/c)?0j ~ 1072(¢;/0.1), where
o, = B2R} / (3Mjc2t). A similar magnetization o, ~ 1072 is
inferred for the Crab Nebula from its synchrotron emission and
axial ratio (e.g., Kennel & Coroniti 1984; Begelman &
Li 1992).

Energy losses of electrons with Lorentz factor ~=
(1 — $%~'/2 and velocity 3= v/c are captured in Equation (29)
via the loss term

¥ = Yad + Ybrem + Y1c + 'Vsyn» (33)

which includes contributions from adiabatic expansion (Vurm
& Metzger 2018),

. 1 _,dInV, >Ry
= —— —_— -, 34
Yad 376 5 ole R (34)
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bremsstrahlung emission,

. 5
Ybrem = _ECUTafsne'yl'z, (35)

where n. = fNydfy is the electron density, cg >~ 1/137 is the

fine-structure constant, and, synchrotron and inverse-Compton

radiation,

(synchrotron)

3 mec (inverse — Compton),
(36)

where L, = JL,dv. Given the distribution of electrons N, and
nebula magnetic field B,, the synchrotron luminosity is
calculated according to

4 o Sea B /8T
Wsyn Ic = ___Tl6272 /
LlO[ /47TCRn

L, = 4m2R2 v (1 — ooukn), 37
N, Py(v) YRy 0 | Ny
L= Dy, (38
f “ fSﬂ'm v? 87 ~? 7 G8)
where

V3mecz Vsyn

is the spectral power of a synchrotron-emitting electron

(Rybicki & Lightman 1979), where Ks/3(y) is the modified

Bessel function of order 5/3, and
eB, ,

27mec

3 00
P, = ﬂF( v ), F(x) Exf Ks,3(y)dy  (39)

(40)

Vsyn =

is the characteristic synchrotron frequency. We follow Margalit
& Metzger (2018) in modifying the synchrotron cooling loss
term (Equation (36)) to account for SSA by multiplying it by a

6oLt \'/*
B, ~ 3
R;

_]71 —1 w,9

. 1/2
018GO_1/2 —1/4(LJ V_5/4(

. 1/20
, M,
0.18 G o'/%n~ }/4(7) VVIV{Q‘O(

U 105 Mggq

suppression factor

] —e ™M
JaMm ——— <1, (41)
7(7)

Vsyn,th =~ O~3Vsyn (%e)

. 1/20
M,
) g
10° Mgqq

. 172
1.9 GHz o1/2. 174 My, _5/4
202 == o

2.0 GHz o}/% 1~ }/4(

L \3/4 " -1
.c) (70yr)

) 3/4 t —1/10
) n19/20 P (t > [free)~
Sc 70 yr

C\17/4 P -1
.56‘) (70yr)

v, 17/4 o0f -1/10
) ny Tyr (t > tfree)-

O
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where 7(7) = q,Vsyn Ry 1s the typical optical depth through the
nebula of the synchrotron emission from an electron of energy
7, where Vg is the characteristic emission frequency of the
electrons (Equation (40) evaluated for v = 4,; Equation (30)).
Finally, to account for free—free absorption through the wind
shell at early times, we attenuate the intrinsic radio luminosity
according to

L, — L,e” W), (42)

where T¢(v) is given by Equation (13).
In addition to tracking the time-dependent DM through the
ejecta shell (Equation (12)) and nebula,
N,
DMneb = Rn —d% (43)
gl
for each model we calculate the magnitude of the RM through
the nebula according to

3 (A)? N,
RM|~ ———| | BuR, f—"d ; 44
IRM| 3 4(Rn) 7 Y (44)

2mmg ¢

where A < R, is the effective coherence length of the magnetic
field inside the nebula (e.g., Margalit & Metzger 2018; see
further discussion in the next section).

2.3.2. Analytic Estimates of Synchrotron Emission and Rotation
Measure

Before proceeding to the numerical results, here we provide
analytic estimates for the nebular synchrotron emission and
RM. From Equation (32), the nebula magnetic field strength
can be estimated from the injected magnetic energy
Ep ~ ojLjtexp over the expansion timescale fex, ~ t,

(t < tfree)
(45)

The synchrotron peak frequency of the electrons of energy 7,
(Equation (30) for ¢, =0.5) is then

(t < tfree)
(46)

[
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The radiative cooling time of the thermal electrons is

10(mcec)'/?

2. 3/2.1/2
UTBn Ve UTBn Vsyn,th

b6mmec

syn
tcool =
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to the RM integral. We have also used Equation (7) to
write Lj = 7Ly, = (/2)Myv2.

y -1 . \-5/2 2
M, v t
73yro b | ——— v5/2( ! ) r<t
y s 1771/2(105 MEdd) w,9 05c 70 yr ( free) )
I ~1/10 S v Y ANYE 47)
-1 —1 w —-1/5 J -9/10
6.5 yrUj,ml/z(m) Vw0 (—0.56) n (—70yr) (t < fhree)

The ratio of the synchrotron cooling time to the nebula
expansion timescale is given by

For a given nebular magnetic field and particle distribution,
the maximum rotation measure, |RM|y,y, iS obtained in the
limit that the magnetic field is coherent across the entire nebula

t
(t < tfree)

. -1
M, Vi
010 'l ——2— vs/z( J
[csg,(r)ll b ]171/2( 10° MEggq w9 05¢
fexp ~ M ~1/10
0.06 071 | ——— v*l/S(
i 1771/2( 105 Myaq ) 'w,9

If 105 < fexp the injected electrons have time to radiate most of
their luminosity L.=¢c.L; at frequency ~ vgy,w before they
cool adiabatically. This efficiency condition is obeyed at early

and late times in the nebula evolution,

~5/2
_) n19/1o(_

) (55

70 yr
Y (48)

t

—4/5
t < free)-
70y1‘) ( fee)

(A~ R,), while more generally we expect |RM | < | RM|jax if
A< R,. On top of any secular decline or rise in the average
value |RM| for an average fixed value A/R, predicted by
Equation (50), we note that shorter-timescale fluctuations

M\ snf v Y2
<<tcsryn =~ 700 yr Uj»lnl(m)‘}w,g/z(o.; C) (t < ffree)
f M ~1/8 v\ 2578 (49)
L U I ) IR
E .

As shown in Figure 2, for fiducial assumptions (e.g., regarding
€e» Oj, Vj), the fast-cooling phase includes most of the mass-
transfer rates and system ages of interest.

Finally, the RM through the nebula (Equation (44)) can be

approximated as
S 3 1/2
¢ ) Ban( )

ool 2 4 3
2mmg ¢ 4R my

A

RM| ~
IRM]| ~ f; R

C

(including possible sign flips) in RM are possible if the
magnetic field structure inside the nebula is evolving
(effectively, leading to a time-dependent A/R,). In analogy
with other magnetized nebulae fed by the termination shock of
a relativistic wind/jet, such as pulsar wind nebulae, changes in

/2

M 3 Vs 1 ¢ -2
4.1 x 10*rad m=2 £, 012 Pl ———] .Y/ 2( ! ) (t < lhee)
105 Miqq 05¢) \70yr
~ M 21/20 N ; 7/10 (50)
4.7 x 10* rad m—2 gt/ 2t/ W v2]/20(—1) nl/ 10 —— !> tiee),
0ol 71T 105 Mg P \osc) Y \70yr (> fire)

where f..o1 < 1 is the fraction of the injected electrons that have
cooled through radiation or adiabatic expansion to sub-
relativistic energies (74 < 1) and hence appreciably contribute

1

the nebular magnetic field structure could arise due to vorticity
(e.g., Porth et al. 2013) or turbulence (e.g., Zrake &
Arons 2017; Bucciantini et al. 2017) generated near the

0
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Figure 3. Colored contours show the thermal X-ray luminosity (Equation (22)) powered by the forward shock of ULX nebulae as a function of the mass-transfer rate
M /Mgqq for the same parameters as in the left panel of Figure 2. The forward shock initially expands freely, before beginning to decelerate at ¢ > #.. (Equation (9)).

Black dotted contours denote the temperature of the gas heated behind the forward shock (Equation (15)).

102 103

termination shock. The characteristic timescale for such |RM]| luminosity L,, DM, DM, and |RMax = [RM |(A/R,= 1) as a
fluctuations could be as short as the shock’s dynamical function of time ¢ since the onset of accretion activity.
timescale,
3 VY 32 12
032 yrvyg | — — t < tree)
N YIS (0.5 c) = 70 yr ( free )
IsrM ~ W PR NN Y (51
0.32 yr —W Vv%,/gs(—J) 771_/12"173/10 — (t > Z‘free),
105 MEdd ’ 05 C 70 yr
i.e., ~weeks to months in the youngest accreting sources of age As shown by Figure 2, a hierarchy of timescales is generally
t~10-100 yr. Changes in the RM could in principle also be expected, with i < free < 1 < 15, though only some of
driven by variations of the line of sight from the FRB source these phases are achieved within the active time of the source,
through the nebula, e.g., as driven by precession of the inner depending on M.

accretion funnel along which the FRB emission is beamed
(Sridhar et al. 2021). However, any such periodic RM
dependence will likely be washed out in favor of more
stochastic variations unless fsgy is long compared to the
precession period. The formalism developed in the previous sections is
numerically solved here over a range of system’s parameters.
Each of these models provides the temporal evolution of the
observable properties of the expanding ejecta/nebula. The

3. Numerical Results

2.4. Summary of the Model

In summary, the main parameter of the model is the active physical parameters of the hypernebula (R,,, R,, N,, B,) are first
timescale 7,.4ve (€quivalently, mass-transfer rate M), which can independently evolved assuming a free-expansion, and a self-
vary by orders of magnitude between binary systems depend- similar expansion profile, separately across all times. These two
ing on the mass-transfer mechanism (e.g., thermal or dynamical profiles are then numerically stitched i.e., the resulting modest
timescale; Section 2.1). The system evolution is also sensitive numerical discontinuity at fg.., if any, is then bridged by
to other uncertain parameters: 1= L;/L, € [0.1, 1], 0; € [0.01, employing a smoothing function to obtain a single trajectory of

11, vy/c€[0.003-0.03], vj/ce[0.1 -1], e.€[0.2, 08] physical parameter smoothly evolving in time. For example,
whose values we shall vary, as well as several auxiliary

parameters whose values we typically fix: M, =30M.,

M.=10M_, n=10cm . The model predicts the observed radio Ry = Ry, free[1 — fomooth (& Tree)] + Rusefimooth (75 Tiee)> (52a)

11
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Figure 4. Evolution of various intrinsic properties of the nebula (for the fiducial model with parameters listed in the figure title). Top-left panel: the orange curves
show the number of electrons in the nebula (N/ 10%; Equation (29)), the red curve shows the magnetic field strength in the nebula (B,; Equation (45)), the green
curve shows the radius of the nebula (R,; Equation (28)), and the blue curve shows its expansion velocity (v, = dR,/dr). The gray dotted and dashed vertical lines
demarcate the critical times #g.. (Equation (9)) and #,.4ve (Equation (3)). The approximate power-law temporal dependence of the parameters at different phases of the
nebular evolution are also depicted with color-coding. Top-right panel: The energy distribution (dN /dy = N,) of the electrons in the nebula at different times (color-
coded; see Equation (29)). The distributions N, at the critical times fge. and f,. are denoted by the gray dotted and dashed curves, respectively. The color-coded
markers at the top denote the electron Lorentz factor, 7y, below which synchrotron cooling is inefficient on the nebula expansion time; the direction of the markers
indicates the direction in which vy, evolves with time; the turnover happens at ¢ ~ ... The four panels in the bottom show the different components of electron
energy losses included in our calculation (synchrotron, inverse-Compton, adiabatic, bremsstrahlung, from left to right; Equation (33)) for electrons with different
energies v, at different times (color-coded); note that ;. /4 < 10 for ¢ > 10% yr (not shown because it falls below the plotted range).

oo O te) = (1 4 anh (005 ~ 1), (52b)
where the nebular radius R, ge assumes a free-expansion
profile, and R,  assumes a self-similar expansion profile.
Individual nebular parameters are integrated and evolved in
time using an “upwind differencing” scheme, which then yields
the loss-terms and observables in Section 2.3.1. We turn off the
central engine at f = f,.jve by multiplying the wind luminosity

by fsmooth(ts tactive)'

3.1. Example Models for Fixed M

We begin in Section 3.1.1 by describing in detail a fiducial
model, corresponding to a relatively high mass-transfer rate
(M/Mggq = 10°) with a fixed active lifetime of fyqye =
1.3 x 10° yr. The other parameters of our fiducial model are
vw=0.03¢,v;=0.5¢, 0;=0.1,n=0.1, and €. = 0.5 (see also
Section 2.4). Then, Section 3.1.2 covers the time-evolving
observable properties of the nebula (viz., light curve, spectral
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energy distribution, |RM|, and DM,p). In addition to the
fiducial model, here we examine the changes in the observable
properties that arise by varying vy/c € [0.003, 0.03],
Vj/CG[O.l, 1], 0;€10.01, 1], and n€[0.1, 1] about their
fiducial values.

3.1.1. Intrinsic Nebular Properties

The jet from the central accretion flow injects particles into
the nebula with a luminosity L; until 7= f,c4v. (Equations (3)
and (31)). The left panel of Figure 4 shows the total number of
electrons in the nebula at different times; as expected, it stays
constant for ¢ > t,.4v.. The evolution of the nebular radius R,,
its expansion velocity v,, and the internal magnetic field
strength B, are also shown, which follow the expected analytic
relations (Equations (28) and (45)).

The right panel of Figure 4 shows the electron energy
distribution N, at different times during the nebular evolution,
obtained by numerically integrating the continuity equation,
Equation (29), considering various radiative losses
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Figure 5. Spectral energy distribution of the thermal synchrotron emission from the nebula. Each panel shows the spectrum at times 1 yr (purple), 100 yr (green), and
10* yr (brown). The fiducial model (whose parameters are listed in the figure title) is represented with a solid curve, and the dotted and dashed curves in the different
panels represent changes to one of the parameters from the fiducial model (v, in the first panel, vj in the second panel, o in the third panel, and 7 in the fourth panel).
In each panel, the fiducial model (whose parameters are listed in the figure title) is represented with a solid curve, and the dotted and dashed curves in different panels
represent changes to one of the parameters from the fiducial model (v, in the first panel, v; in the second panel, oj in the third panel, and 7 in the fourth panel).

(Equation (33)). The energy distribution N, at the initial time
follows that of the relativistic Maxwellian of temperature
kT, = ﬁemec2 ~ 60 MeV (3, ~ 100; Equation (30)). It soon
rapidly evolves due to radiative losses that extend the electron
population to lower energies. The electrons’ energy spectra
exhibit a “pile-up” bump at Lorentz factor gy, > 10. Defining
Ysyn as the electron Lorentz factor below which synchrotron
losses are inefficient on the expansion time (lgyn < Faa)> We
have marked its value with arrows along the top of Figure 4.
The direction of the arrows denotes the value of vy, initially
increasing until ¢ ~ #g.., before turning over and beginning to
decrease; this is also evident from the electrons’ energy
distribution at ¢ = fg.. (gray dotted curve), which is devoid of a
bump at Ygyp.

The electrons are cooled at different times, depending on
their energy, . We illustrate this in the bottom four panels of
Figure 4: From left to right, each panel shows the fractional
contribution of synchrotron (j,), inverse-Compton (¥c),
adiabatic (j,,), and bremsstrahlung (¥,,..,) losses to the total
energy loss rate (§; Equation (33)). At all times, the highest-
energy electrons (with 72 v,) are cooled down due to
synchrotron losses. Lower-energy electrons (with v < vgyn)
experience different dominant cooling processes at different
phases of the nebular evolution: At earlier times ¢ < fge., When
the radiation density in the nebula is comparable to the
magnetic energy, they are cooled down due to inverse-
Compton scattering; at later times, f > tg., they are primarily
cooled down due to adiabatic losses, with moderate losses via
bremsstrahlung. The fact that 4, /¥ is at or near unity for the
Lorentz factors of the injected thermal electron population
3. ~ 100 shows that a large portion of the jet luminosity is
radiated as synchrotron emission.

3.1.2. Observable Properties

Figure 5 shows the spectral energy distribution at times 1 yr
(purple; < free), 100yr (green; fiee <t < fucive), and 10* yr
(brown; > f.cqve). The spectrum peaks at the synchrotron
frequency of the thermal electrons vy = Vsynm (Equation (40)).
At this frequency, SSA is typically negligible (ie.,
T(Y) = QVeyn R < 1; Equation  (41)). Likewise, free—free
absorption (Equation (42)) through the wind shell—while
relevant at very early times ¢ << ty.—is negligible during the
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light-curve rise, with the free—free absorption frequency being
well below the lowest range shown in Figure 5.

While v, evolves to lower frequencies with time, the peak
luminosity L,(vp) increases until f~ f,ve, after which it
decreases sharply once the outflow has turned off. The product
VpkLAVp) Temains roughly constant in time, as expected in the
regime of efficient synchrotron cooling (Equation (48)), for
which the bolometric luminosity approximately tracks the
(temporally constant) rate of injected electron energy ~ e.L;.
For greater accretion/jet efficiency 7, L,(v,) mildly increases
and v, decreases. Changes to oj barely affect vp and L, (vpi).
As far as the dependence on the jet speed vj, L,(vpi) reaches a
maximum for v;~ 0.5 ¢; the peak frequency v, however, is
much larger for smaller v;~0.1c. At early times 7 < faciives
larger values of vy, lead to a decrease in vy, and an increase in
L,(vpx). On the other hand, at late times 7 2 #,ve, larger values
of v,, increase both vy as well as L, (vpy).

The top row of Figure 6 shows the light curve in three
different bands (1 GHz: purple, 10 GHz: green, and 100 GHz:
brown). The highest frequency light curves peak as the spectral
peak crosses down through that bandpass (Figure 5), while at
lower frequencies the spectral peak never reaches the observing
band by #,.ve SO the light curve continues to rise until # ~ 7,cgve,
before falling off sharply thereafter. The peak luminosity of the
fiducial model reached at ¢ =t is VL, (tpx) 2 104 erg s~! for
100 GHz and 10 GHz, but is much smaller, <10** ergs™', for
1 GHz. The peak luminosity decreases significantly by a factor
O(10?) for either a smaller vy, = 0.003¢ or v; = 0.1c¢ compared
to the fiducial values, but are nearly independent of oj.
Furthermore, a smaller value of v, (v;) delays (advances)
the peak time f, achieved in all higher-frequency bands
(>>1 GHz). While the peak luminosity vL,(fy) at high
frequencies (10-100 GHz) is relatively independent of the
value of 7, the vL,(t,) at 1 GHz decreases from ~10% erg s !
to ~10° erg s as 7 decreases from 1 to 0.1.

Defining the duration of the broad peak as the time span Az,
over which vL, > 50%vL,(ty), we find Aty = O(10%) yr at
1 GHz and 10 GHz in the fiducial model, which decreases to
O(1) yr at 100 GHz. The peak duration At also decreases for
smaller vj~0.1c to Aty ~ O) yr at 100GHz and
Aty ~ O(10) yr at 10GHz; Atrp, at lower frequencies
~1GHz is insensitive to changes in v;. On the other hand,
changes on v, or oj or  only modestly change the peak
duration.
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Figure 6. Time evolution of observable parameters of the nebula for the same models shown in Figure 5. The top panels show the light curve (vL,) at frequencies
1 GHz (purple), 10 GHz (green), and 100 GHz (brown); the bottom panels show the maximum rotation measure (|RM]pay ; black) and the local DMy, (blue). The gray
dashed and dotted vertical lines in each panel denote the active lifetime of the system (,ive; Equation (3)) and the transition timescale from free to self-similar
expansion (fe; Equation (9)), respectively, for the fiducial model (ffee = 2.2 X 103 yr for the vy, = 0.003¢ model). The temporal dependence of the fiducial |[RM]pax
(black) and DM,,.;, (blue) at different stages of the evolution is mentioned in the bottom panels.

The bottom row of Figure 6 shows the temporal evolution
of |RM|nax and DM,p. For our fiducial model, |RM|.x starts
at a very high value but decreases monotonically as o< >
during < free, ‘Rlvﬂmax X t71 during Itree < <lactive and
|[RM|pax o< 713 during > t,ive. This trend is preserved for
changes in oj and 7, but with a decreasing normalization for
smaller o;j or 7. On the other hand, a decrease in vy, or vj leads
to an increase in the [RM],x, with a mildly shallower slope. As
expected, the evolution of the nebular contribution to the DM
behaves qualitatively similar to the |RMlpn, for similar
variations to the system parameters, however with a rather
shallower decrease. For example, for our fiducial model,
DM,op, & £ during # < fgee, DMpep o< > during fpee < 1 <
tactives and DM, o, o ! during ¢ > t,.4ve. Overall, we see that
the contribution of the nebula to the DM is comparable to that
of the entire shell’s contribution (Equation (12)). We note here
that for systems with much longer 7,ye (or a smaller fg..), the |
RM]nax and DM, tend to exhibit a mildly increasing trend for
1> tree (see Equations (12), (50)).

We conclude with the reminder that the light curves and
spectra shown in Figure 5 are calculated assuming a one-zone
nebula with the injected electrons possessing a single
temperature. Though a useful idealization, the actual nebula
is likely to be inhomogeneous and seeded with electrons with a
range of different energies, some even belonging to a
nonthermal population; these effects will broaden the spectrum
around vy, considerably relative to the model predictions (we
return to this issue when fitting individual sources in
Section 4.2).

3.2. Dependence on Mass-transfer Rate

Motivated by the wide range of possible mass-transfer rates
in different binary systems in different evolutionary states
(Section 2.1), we now explore how the nebular observables
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vary for higher and lower values of M (or, equivalently for
fixed M,, different active periods f,cive o< M 71), keeping the
other fiducial model parameters fixed from those assumed in
Section 3.1. We focus on an observing frequency around
3 GHz, matched to the Very Large Array Sky Survey (VLASS,
Lacy et al. 2020; see Section 4.1).

In the left panel of Figure 7, we show the 3 GHz light-curve
color-coded by M. For moderately accreting systems
(10 < M/Mggq < 10%) with f,cive > firees the light curve rises
as a power law VL, o< 2 at times free < 1 < factive- Except in the
highest M = 10"Mgqq case, the 3 GHz peak is achieved at
Ik ™~ lactive X m! (colored dotted vertical lines). The 3 GHz
peak luminosities are remarkably stable at vL, ~ 10%° ergs™
for wide a range of M /Mggq < 10°; this is in contrast to the
peak bolometric luminosity, which we find increases
Loy x M 95 The fact that Ly does not increase precisely in
proportion to the injected electron power oL; M likely
results from synchrotron cooling not being as efficient as
predicted by analytical estimates (e.g., Equation (48)), due to
the suppression of the electron cooling rate by SSA at vy,
(Equation (41)). By contrast, for the highest-accretion-rate
systems M /Mggq > 10° with the shortest active lifetimes
tactive < tfrees the peak luminosity is considerably lower,
vL, < 10% ergs™', and peaks after the engine has turned off
(tpk > tactive)-

The similar peak luminosity and temporal rise rate attained
for a wide range of M /Mggq < 10° could make it challenging
to obtain meaningful constraints on the systems’ properties
(e.g., age, M, etc.) given just a relatively short (~years- to
decades-long) time-span light curve around 3 GHz. Fortu-
nately, other observable properties such as the location of the
spectral peak (e.g., high-frequency radio observations with
VLA or ALMA) and the maximum rotation measure (right
panel of Figure 7) depend more sensitively on M at a given



THE ASTROPHYSICAL JOURNAL, 937:5 (22pp), 2022 September 20

Sridhar & Metzger

M.=30My; M.=10My; n=10/cm~3; v, =0.03c; v;=0.5¢; 0;=0.1; n=0.1; €=0.5

104 \ A / 1012 \ 2 A / 2 vV M 107
_ L Y 10 : 14 | 108
T 103 E ) I
3 3 2 I )
g £ 108 = 0 10°-x
= 8 5 =
= 1037+ = S

z 103 & -1+ 104
=
1035 T T P T r 0° T T - r = - T T - - - 103
10° 10! 102 103 10* 105 10° 100 10! 102 103 10% 105 10° 100 10! 102 103 10* 10° 10°

t(yr)

t (yr)

t(yr)

Figure 7. Left panel: 3 GHz radio light curves; the gray dashed line is representative of the o< /¢ time dependence that the light curves show. Middle panel: time

evolution of [RM|max. Right panel: 24 GHz spectral index «, where the flux density, S, oc v~ ;

—a,

the vertical error bars—barring their location along the time axis—are

a representative range of spectral indices for various astronomical sources (red: FRBs, brown: GRBs, orange: pulsar wind nebulae, gray: supernovae and tidal
disruption events). In all the panels, the color of the curves denote different M /Mgqq, with the other fiducial parameters listed in the figure title; dotted vertical lines
and the downward-pointing triangles denote the critical times #,.ve (Equation (3)) and #g.. (Equation (9)), respectively, for each model. The colored circles denote the

parameter value at fy.

system age. For all M, we see that |[RM|p,, follows ot at
early times # < #.e, and its normalization scales with L; o< M,
in rough agreement with Equation (50). However, it is only the
moderately accreting systems (10 < M/Mggg < 10%)—with
sufficiently long ?,.ve allowing for expansion—that exhibit a
phase of increasing |RMly.x (o< %7 for fhee <1< taciive), S
predicted in Equation (50). At times 7> fitives |[RMimax
decreases again for all models, albeit at a faster rate for higher
M systems.

4. Detection Prospects

We now discuss different methods to detect, identify, and
characterize ULX hypernebulae, and then discuss the applic-
ability of our model to FRB persistent radio sources and local
ULX bubbles.

4.1. Detection in Blind Surveys

Based on population synthesis modeling, Schrgder et al.
(2020) estimate that NS/BH common-envelope events with
donor stars more massive than 10M, occur at a frequency of
~0.6% of the core-collapse supernova rate, corresponding to a
volumetric rate in the local universe of R ~ 103 Gpc > yr!
(Strolger et al. 2015; see also Vigna-Gémez et al. 2018).
Pavlovskii et al. (2017) estimate a Milky Way formation rate of
~3 % 107> yr~! for massive star binaries with mass-transfer
rates M > 100Mgqq, corresponding to R ~ 102 Gpe ™ yr .
The rate of engine-powered FBOTs (R ~ 2-400 Gpc > yr
Coppejans et al. 2020; Ho et al. 2021), which may be
associated with failed common-envelope events (Soker et al.
2019; Schrgder et al. 2020; Metzger 2022), is consistent with
these estimates but could be more than an order of magnitude
lower.

One method to discover ULX hypernebulae is with wide-
field blind radio surveys, such as VLASS (Lacy et al. 2020) or
by comparing VLASS with earlier survey data such as FIRST
(Becker et al. 1995). Given a peak luminosity vL, and peak
duration Atpk, the total number of sources at any time
across the entire sky above a given flux density Fj, can be
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estimated by

Nio =~ 4-?71-Dlim(l/Lm tpk)3RAtpk (53)

where R is the source volumetric rate and

172 1/2
. ~033Gpe| —— L
47Fim 10%° erg s~ Hz™!

—-1/2
~ Flim /
0.7 mly

is the detection horizon for a limiting flux sensitivity, Fim,
ignoring cosmological effects on the luminosity distance and
source evolution. We have normalized Fj, to a value of
0.7 mJy, corresponding to the So flux sensitivity of the VLASS
around 3 GHz (Lacy et al. 2020). The form of Equation (54)
assumes that Ny is dominated by sources near their peak
luminosity; this is typically justified because vL, after peak
falls off faster than o 1/r—especially at lower frequencies
v~ 3 GHz (see Figure 6).

The colored curves in the left panel of Figure 8 shows Dy,
as a function of time for the suite of light-curve models from
Figure 7, as well as a second set of light-curve models
calculated assuming otherwise identical parameters, but with a
lower v;=0.1c (equivalently, for mean injected electron
Lorentz factor ~25 times lower than the v;=0.5¢ model,
Equation (30)). The right panel shows Ny (Fiim = 0.7 mJy) as a
function of f,cive, separately for the v;=0.1c and v;=0.5¢
models, normalized to a total rate per f,.ive — bin of R = 102
Gpcf3 yrfl, i.e., about 10% of the total NS/BH common-
envelope event rate (Schrgder et al. 2020). The predicted
number of ULX hypernebulae in VLASS is extremely sensitive
to the model assumptions, increasing from <0.1%-10% of the
total VLASS source count (Nypass ~ 2 x 10°) for the vj=0.1c
models to 2100% of Nypass for vj=0.5¢. Such an over-
production should be interpreted to mean the formation rate of
systems with the parameters of our v;=0.5¢ model is
constrained to be far less than R ~ 102 Gpc ™ yr ! (indeed,

(54)
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Figure 8. Left panel: radio (3 GHz) detection horizon (Equation (54)). Thin and thick curves correspond to models with v; = 0.1¢ and v; = 0.5c¢, respectively; dotted
vertical lines and the downward-pointing triangles denote the critical times #,.qive (Equation (3)) and #g.. (Equation (9)), respectively, for each model. The black circles
scattered along the curves denote the times when the source will be detected as a transient by VLASS (see Section 4.1 for the criterion). Right panel: number of
detectable radio (3 GHz) sources as a function of the active duration of the system (f,.ive; Equation (3)), considering separately the total number of sources
(Equation (53); solid markers) and just those that will be detected as transients in VLASS (Equation (55); hollow markers), for an assumed rate R = 100 Gpc’3 yr’l.
The upward- and downward-pointing triangle markers denote models with v; = 0.1c and v; = 0.5¢, respectively. The calculations are performed with parameters

(listed in the figure title); the color-coding denotes different M /Mgqq.

we find in Section 4.2 that FRB persistent sources can be fit to a
model with v; = 0.2¢).

A detection in VLASS may not be sufficient to uniquely
identify ULX hypernebulae, given the many other extragalactic
radio source populations. However, the time evolution of the
source flux over multiple epochs may provide a distinctive
diagnostic, particularly for young sources. We estimate the
number of sources detected as a transient in VLASS,

Nicansient ™ Z 4?ﬂ-Dlim(l/Lu,is ti)3RAtis (55)
where now the summation is performed by counting those time
intervals At; over which vL, changes by a factor of >3 within a
span of 20 yr. We choose this timescale as a reference to the
time gap between the FIRST and VLASS survey, similar to the
criterion used by Law et al. (2018) and Dong et al. (2021) to
identify radio transients (although other criteria can be adopted,
e.g., the change in L, by a factor of 50% over 4 yr for a source
to be detected as a transient within VLASS epochs, which we
defer to future work). The epochs that satisfy our adopted
variability criterion are shown with black dots in the left panel
of Figure 8, while the detectable number of transients Ny ansients
is shown as open triangles in the right panel. We find that only
a handful Nygnsient ~ 1-10 of the total detected sources are
identifiable as transients according to the adopted criterion.
These are mostly systems detected early in the light-curve rise,
when the source is still young r<10® yr. Because their
luminosities have not yet peaked, these “transients” are located
at nearby distances Dy, ~ 100 Mpc compared to the total
source population (D, ~ 1 Gpc).

As a result of the nearby distances of the VLASS transients,
follow-up observations at other electromagnetic wavelengths
may be fruitful for these sources. Unfortunately, though, the
X-ray luminosity of the nebula—CSM shock at such early
times < 10? yr is too modest, Lx < 10*7 erg s~! (Figure 3), to
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be detected with current X-ray telescopes, even at tens of Mpc.
X-ray emission from the inner accretion flow, similar to that
which give ULXs their namesake, would be considerably more
luminous; however, due to the geometric beaming of the
emission by the accretion funnel, which may become even
narrower at such high accretion rates, this emission is likely
only observable for a small fraction of viewing angles
(Section 4.2). The nearest non-transient ULX hypernebulae
could be considerably older and hence more X-ray luminous,
making them promising targets for future large X-ray
observatories like Athena (Barcons et al. 2017) or AXIS
(Mushotzky et al. 2019). However, absent the rapid time
variability, additional characteristics such as the radio spectral
properties (Figure 7) or host-galaxy demographics (Kovlakas
et al. 2020; Sridhar et al. 2021) may be required to identify a
candidate sample. As discussed in Section 2.2.1, the line
cooling contribution of the shock-ionized plasma of the
hypernebulae would predominantly be emitted in UV /optical
bands. From Figure 3, and Equations (52) and (22), we predict
—for optimistic scenarios—a peak optical counterpart to the
hypernebulae with a luminosity of 10*° erg s™', corresponding
to a V-band apparent magnitude of ~24 for sources located at
~100 Mpc. In addition, reprocessing of beamed X-rays from
the ULX jet can also contribute the optical/UV emission
(Pakull & Mirioni 2002; Wang 2002; Ramsey et al. 2006; Soria
et al. 2010; Sridhar et al. 2021). Given the relatively smaller
sizes (~ pc) and brighter nature of the hypernebulae compared
to their older, long-lived ULX nebulae counterparts (~10” pc),
these sources will likely be unresolved, and if sufficiently close,
may be detected in optical surveys such as Pan-STARRS
(Tonry et al. 2012), Zwicky Transient Facility (Bellm et al.
2019; Graham et al. 2019; Masci et al. 2019), and most likely
with the upcoming Vera C. Rubin Observatory (Ivezi¢ et al.
2019). We recommend follow-up observations of hypernebula
candidates detected with optical/radio surveys with Hubble
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Figure 9. Application of the model for disk-wind-inflated ULX radio hypernebulae to FRB sources. The left panel shows the observed spectra of the persistent radio
source counterparts to FRB 20121102 (black circles; observed with VLA in 1.6-22 GHz range by Chatterjee et al. 2017 and with GMRT in 0.4-1.4 GHz range by
Resmi et al. 2021), and FRB 20190520B (red diamonds; observed with FAST in the 1.3—6 GHz range by Niu et al. 2021), respectively. The solid curves are the
synchrotron radio spectra calculated for a grid of models with parameters listed in the figure title, with the following differences: going from blue (left) to indigo (right)
curves, v; increases from 0.15¢ to 0.4c, &, increases from 0.15 to 0.8, and 7 decreases from 1 to 0.4 (such that the jet luminosity L;j o 7]vj2 remains roughly fixed). The
middle panel shows a fit to the observed data with models (red solid curve for FRB 20190520B and black solid curve for FRB 20121102) obtained by performing a
weighted sum of the grid of models in the left panel. The right panel shows the |[RMln.x of FRB 20121102 (black circles; Michilli et al. 2018) and
FRB 20190520B (red diamond; Niu et al. 2021; Anna-Thomas et al. 2022; Feng et al. 2022) at different times. The black and blue solid curves denote the local
nebular contribution to the |[RM| and DM calculated for the model corresponding to the green spectral curve in the left panel (more details in the text, Section 4.2). The
vertical gray dotted and dashed lines denote the ejecta free-expansion timescale (fg..; Equation (9)) and the active timescales of the system (Z,ive; Equation (3)),
respectively. The insets in the middle and the right panels offer a zoomed-in view of the region around the observed data.

Space Telescope (HST), Dark Energy Camera (DECam;
Flaugher et al. 2015), and Very-Long-Baseline Interferometry.

4.2. Application to FRB Persistent Radio Sources

ULX nebulae may also serve as signposts to repeating FRB
sources, in models where the bursts arise from shocks or
reconnection events in the accretion-powered jet (Sridhar et al.
2021). The PRSs spatially coincident with the engines of
repeating FRB are compact sources of incoherent synchrotron
radiation that are too luminous (L, > 10*° ergs ' Hz ') to be
explained by star formation activity in the host galaxy, or
individual supernova remnants (e.g., Law et al. 2022). A
transient radio source, with luminosity and spectral properties
similar to FRB PRS, was recently discovered in VLASS (Dong
& Hallinan 2022). In this section, we apply our model of ULX
hypernebulae to explain the observed properties of some PRSs
from some of the brightest FRBs (see Section 4.3 for more
discussion on our model’s relevance to fainter FRBs
and XRBs).

The radio spectra of observed PRSs are relatively flat and
typically broader than those predicted by our one-zone model
near its peak 1, (see Figure 5 and right panel of Figure 7).
However, the nebula model we have presented thus far is
overly idealized: It assumes all of the electrons injected into the
nebula possess a single temperature, as set by a single velocity
of the jet termination shock v; and a single electron heating
efficiency e.. In reality, due to time variation in the jet speed
and/or spatial variation (e.g., curvature or angle-dependent jet
velocity) across the termination shock, the nebula will very
likely be seeded with electrons containing a range of different
temperatures and corresponding mean energies 9, X & ij
(Equation (30)); the effect of width to the 4, distribution will
be to broaden the spectrum around vy relative to the baseline
model. Consider that even a relatively modest factor of ~2
variation in the jet-shock velocity causes a factor of ~4 spread
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in the mean electron energy 7, vj2 (Equation (30)) and hence
~16 in the peak radio frequency vy, m o ﬁez (Equation (46)).
Figure 9 shows fits of our model to the PRSs associated with
FRB 20121102 and FRB 20190520B, where we have now
relaxed the assumption of a single value of v; and .. The left
panel of Figure 9 shows the observed PRS spectra, and a grid
of model spectral curves calculated for a ULX hypernebula
with the following parameters: M, =30M,, M = 10°Mgqq,
M.=10M., n=10cm >, v,=0.1¢, 0;=0.1, at a time
t=10yr; different spectral curves are produced by varying
the following parameters within the following ranges:
v;/c€[0.15, 0.4], e €[0.15, 0.8], and ne[0.4, 1] (for
FRB 20190520B, we vary the parameters within the restrictive
range vj/c €[0.2, 0.4] and ¢, € [0.2, 0.8]). We vary these three
parameters such that'® e o v, at a fixed jet luminosity
L;j nvj2 = constant. In order to reproduce the observed PRS
spectra, we have generated a weighted sum of the spectral
curves from these models. The specific choice of the weights w
is such that w ,-Ye—z x (6evj2)‘2, with minor modifications
around it to fit spectra from different PRSs. This general
approach of a linear weighting of the models is justified by the
fact that electrons injected into the same nebula with different
energies (e.g., at different epochs if v; is varying in time, or at
different locations if the termination shock properties vary
spatially) will evolve and radiate largely independently of each
other. The final weighted spectra are shown in the middle panel
of Figure 9, revealing a satisfactory (if admittedly tuned) proof-
of-principle match to FRB 20121102 and FRB 20190520B.
The local contributions to the RM and DM will arise
primarily from the region of the nebula that is energetically
dominant. We therefore choose the model (green curve in the
left panel of Figure 9) with the largest value of we, vjz and show

1o Although this precise dependence is arbitrary, particle-in-cell simulations
predict the electron heating efficiency to increase with increasing shock speed
moving from the non-relativistic regime (Tran & Sironi 2020) to the relativistic
regime (Sironi & Spitkovsky 2011).
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the |RM|px and DM, of this model in the right panel.
Hilmarsson et al. (2021) report that the RM of
FRB 20121102 has decreased from 1.46 x 10° radm > in
2017 January to 9.7 x 10* radm™2 by 2019 August (i.e., a
decrease of ~15% yr~"). Our model reproduces this RM decay
(top-right inset), and we retrieve an age of ~10yr for
FRB 20121102, consistent with the age assumed in our spectral
fit (see also Margalit & Metzger 2018). Furthermore, the
|IRM];1.ox measured for FRB 20190520B at > 1.8 x 10° rad m >
(measured assuming 100% linear polarization; Niu et al.
2021) is also captured by the same model that describes the
RM of FRB 20121102, consistent with FRB 20190520B being
a younger version of FRB 20121102. This justifies using the
same spectral model to fit both FRB 20121102 and
FRB 20190520B, with changes only in the weight factors.
However, we note that the analysis of Zhao & Wang (2021)—
assuming a different external medium (composite of
magnetar wind nebula and supernova remnant)—estimated
the age of FRB20190520B (16-20yr) to be older than
FRB 20121102 (14 yr). Unlike Margalit & Metzger (2018)
and Zhao & Wang (2021), our model can reproduce the
observations even for a temporally constant injected power L;.

Recent observations (Anna-Thomas et al. 2022; Dai et al.
2022) have revealed rapid changes to the RM of
FRB 20190520B (~300rad m 2 day '), as well as a “zero-
crossing” reversal. For the periodic repeating source FRB
20180916B, Mckinven et al. (2022) found an increase in the
RM of over 40% over only a 9 month interval, which appears
unrelated to the ~16.3 day activity cycle phase. As discussed
near the end of Section 2.3.2, our model predicts only the long-
term secular evolution of |RM]n,x and not the detailed magnetic
field structure in the nebula, which is also necessary to
determine RM. More rapid, potentially stochastic variations
(including possible sign reversals) of magnitude |[RM|~
[RM|ax /2srm are possible on timescales as short as the
shock’s dynamical timescale (fsry ~ Weeks to months for the
~decades-old sources of interest; Equation (51)). Such
fluctuations can arise due to turbulent motions in the nebula
(Feng et al. 2022; Katz 2022; Yang et al. 2022), for instance,
generated by vorticity or magnetic dissipation ahead of the jet
termination shock (Figure 1). Similar turbulence may induce
scatter in the observed RM due to multipath propagation effects
(e.g., Beniamini et al. 2022). It is not surprising that the RM
fluctuations would be decoupled from any secular or periodic
changes in the burst properties themselves (e.g., Mckinven
et al. 2022), as the latter are produced within the relativistic jet
on much smaller radial scales.

For FRB 20190520B, the DM is observed to decrease at the
rate —0.09 4 0.02 pccm > day ' (Niu et al. 2021). From our
models (Figures 6 and 9), we see that such a modest DM
change is expected around the time the source transitions from
the free-expansion to the self-similar expansion phase (i.e.,
t < tree)- This is consistent with the estimated age of the
system, ~10 yr < tgee ~ 13 yr. This model further predicts that
in the decades ahead, the |[RM|j.x and [DM|,ep, will decrease at
a slower rate and then flatten (mild increase) for the next
~10° yr (times ¢ > fge. in the right panel of Figure 9). However,
we caution that other choices of the binary parameters could
yield models that turn off quicker, but which exhibit otherwise
similar emission properties at earlier times. The late-time light
curves and RM (7 > tg..) would differ from those predicted by
our best-fit model (e.g., see the right panel of Figure 7).
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The young source ages and resulting small PRS nebula radii
we predict (Equation (28)) are also consistent with constraints
on their sizes (e.g., <0.6pc from VLBI measurements of
FRB 20121102; Marcote et al. 2017). These contrast with the
much larger O(100) pc nebulae that surround many ULX in the
local universe, due to their typically much greater ages
~10°yr. This difference can potentially be understood as a
selection effect: The most active and luminous FRBs (e. L
FRB 20121102 and FRB 20190520B) may preferentially arlse
from the highest M, shortest-lived accretion phases (~107 yr)
because their larger jet powers L; o< M are required to generate
these most luminous FRBs. The 1um1n051ty function of FRBs"'
(top-left panel of Figure 2) suggests that most of the FRBs—
with Lpgg > 10" ergs '—require a mass-transfer rate
M /Mggq > 10%. On the other hand, lower-luminosity FRBs
that can still be powered by the stable (thermal-timescale) mass
transfer by post-mam-sequence stars—which can have life-
times of >10*yr (Klencki et al. 2021)—could exhibit large
O(100) pc nebulae around them, closer to known ULX in the
local universe.

Additional constraints on the ULX model for FRBs come
from the putative X-ray emission (Section 2.2.1). For the high-
M systems needed to power the high radio luminosities of the
observed PRS, the FS does not enter the radiative regime
within the active timescale of the system, thus precluding X-ray
emission commensurate with their high wind kinetic luminos-
ities (Figure 3). On the other hand, putative lower-M systems
that generate less-luminous FRBs (with Lggg < 10*! ergs 1 or
equivalently, M/ MEdd < 10%) enter their radiative phase within
their rather longer actlve hfetlmes generating more luminous
shock emission Ly =2 10* erg s™' (though still challenging to
detect with current optical or X-ray telescopes at the =100 Mpc
distances of FRB PRS). The existing X-ray non-detections of
FRB sources are thus consistent with the X-ray binary model
(Sridhar et al. 2021).

Based on a search of non-nuclear FIRST radio sources in the
local universe < 100 Mpc with a flux >10% that of the
FRB 20121102 PRS, and assuming a source lifetime of
10%-10° yr, Ofek (2017) estimates a birth rate of
R < 50-500 yr—! Gpc=3. For this formation rate and our
preferred PRS model with v;~ 0.2, interpolating between the
source count predictions in Figure 8 shows that the predicted
all-sky rate of PRS-like hypernebulae would fall within the
constraints imposed by VLASS.

4.3. Application to Weaker, Local ULXs

Our model can in principle also be applied to predict
emission from lower-M ULX bubbles in the local universe. For
example, ULX-1 in M51 exhibits nonthermal radio lobes with a
5 GHz luminosity L, ~2 x 10* erg s ', in comparison to the
estimated total mechanical power of szz x 10% erg s~
(Urquhart et al. 2018). Other jetted ULX bubbles exhibit
similar radio luminosities within a factor of a few, e.g,
Holmberg II X-1 (Cseh et al. 2014, 2015), NGC 5408 X-1
(Soria et al. 2006; Lang et al. 2007; Cseh et al. 2012). The
resulting efficiency L,/Ly,~ 10" would appear to be

' The FRB luminosity function (top-left panel of Figure 2) is calculated using
the burst flux measurements reported in the first CHIME/FRB catalog
(CHIME/FRB Collaboration et al. 2021). The distance to the sources is
calculated assuming the NE2001 Galactic distribution of free electrons (Cordes
& Lazio 2002) and a fiducial FRB host-galaxy DM of 50 pc cm > (Luo et al.
2018, 2020).
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substantially lower than the maximum radiative efficiency
predicted by our model, ~ne.(vi/c)* 2 1073, in the fast-
cooling limit. However, the observed power-law synchrotron
spectrum in ULX-1 is that of a nonthermal distribution of
electrons (for old, lower-M systems the thermal spectral peak is
well below the GHz band; Equation (40)), which likely receive
a much smaller fraction of the jet power than the thermal
electrons. With modifications to include a nonthermal tail on
the electron distribution injected into the nebula, our model
could in principle be applied to these systems in future work.

Lower-M (possibly non-ULX) X-ray binaries could in
principle also contribute to generating less-luminous FRB
observable in the local universe, for instance, such as the
repeating FRB 20200120E located in a globular cluster in M81
(Kirsten et al. 2022). The resulting lower power jets would
generate less-luminous radio synchrotron emission (see Sridhar
et al. 2021 for more details), such as the persistent radio flux
observed from Galactic X-ray binaries, whose luminosity
vL, ~10°° erg s™' (e.g., Fender & Hendry 2000) is marginally
consistent with constraints on the persistent radio flux from
the location of FRB 20200120E (vL, <4 x 10* erg s~ ' at
1.5 GHz; Kirsten et al. 2022).

5. Conclusion

We have developed a time-dependent one-zone model
for the synchrotron emission from “hypernebulae” around
ULX-like binaries. We dub them hypernebulae as they are
inflated by the highly super-Eddington accretion disk /jet winds
that accompany rapid runaway mass transfer (typically
M /Mggq > 10%) from an evolved companion star (e.g., while
crossing the Hertzsprung gap to become a giant star) onto a
compact object (BH or NS), which can manifest at the final
stages leading up to a common-envelope event. For concrete-
ness, all of our calculations consider a fiducial binary
containing a massive star (M, =30M.) feeding a BH
companion of fixed mass (M.= 10M.) and vary the active
period of the system f,.ve by changing the mass accretion rate,
M /Mgqq € [10, 107] (Section 2.1). The evolution of the
intrinsic properties of the hypernebula and the observables
are continuously evaluated across the free-expansion (¢ < fgee),
deceleration (¢ > ffee), and post-active (f > faeive) Stages
(Section 2.2). This constant-M setup is admittedly an
idealization valid over a limited period of time, insofar that
actual binaries will experience a range of mass-transfer rates
over time, for instance with M (¢) increasing, leading up to the
final dynamical plunge of the accretor into the donor’s
envelope (e.g., Pejcha et al. 2017).

Slow wide-angle disk winds dominate the total mass loss and
inflate the hypernebula equatorially, while faster (and poten-
tially precessing) winds/jet from the innermost accretion flow
are responsible for imparting a bipolar geometry to the nebula
and for energizing and injecting relativistic thermal electrons
into the hypernebula (Figure 1). We self-consistently evolve the
hypernebula’s size, magnetic field strength, and the injected
electrons’ energy distribution as a function of time—subject to
various radiative and adiabatic losses (Section 2.3.1). With this,
we numerically evaluate the time evolution of specific
observable properties such as the thermal synchrotron lumin-
osity, RM (and its fluctuation timescale), DM (through the shell
and the nebula), and the energy spectrum, as a function of the
wind (M = M,, v,,), and jet (n = MJ /M , Vj, 0j, €) properties
(Section 3).

19

Sridhar & Metzger

Our findings on the prospects of detecting hypernebulae are
summarized as follows. For fiducial choices of parameters, the
disk-wind-CSM forward shock enters radiative regime and
shines bright in X-rays (primarily due to free—free emission)
only for those systems accreting at rates M/Mgqq < 10%, at
times 7>>tge.. Even for these cases, the expected X-ray
luminosity (~10°° ergs™") is challenging to detect at
characteristic source distances 2100 Mpc with current X-ray
facilities, in part because they peak at soft temperatures
~0.1keV (Section 2.2.1). The accompanying optical counter-
part (due to line emission from shocked gas) may be detected
by future surveys such as the Rubin Observatory up to
~100Mpc or through HST follow-up observations of the
closest radio-identified candidates. Sensitive high-resolution
follow-up observations (e.g., with the next-generation VLA;
Murphy et al. 2018) could in principle discern the “aspect
ratio” of the hypernebulae, thus placing constraints on the disk-
wind versus jet velocities.

The prospects are better for detecting ULX hypernebulae as
off-nuclear point sources by radio surveys such as VLASS or
DSA-2000 (Hallinan et al. 2019). Although the detectable
source population depends sensitively on the assumed system
parameters (particularly those which control the electron
heating), we estimate that up to ~ 10°~10° hypernebulae could
exist within VLASS, among which O(10) evolve sufficiently
rapidly on timescales of years to decades to be identifiable as
“transients” (Section 4.1). These transients may presage
energetic common-envelope transients, such as LRNe or
FBOTs, in the decades to centuries ahead, providing new
constraints on the earliest stages of unstable mass transfer in
these candidate future LIGO sources; for the same reason, we
encourage archival radio searches at the locations of these
optical transient classes. A comprehensive multiwavelength
study of the detection prospects (including, e.g., hypernebulae
size distribution, distance distribution, scintillation constraints,
etc.) is deferred to future work.

If a population of repeating fast radio bursts are powered by
hyperaccreting compact objects (Sridhar et al. 2021), the
persistent radio source (PRS) spatially coincident with some of
them could be explained as young ULX hypernebulae
(Section 4.2). Unlike most ULX in the nearby universe,
particularly young sources with ages <100 yr may be favored
because their higher accretion powers may be requisite to
powering the most luminous FRBs. We demonstrate—as a
proof of principle—that the radio spectrum of the PRS
associated with FRB 20121102 and FRB 20190520B are repro-
duced from the hypernebula model for close-to-fiducial
assumptions. Despite the narrow synchrotron spectrum pre-
dicted by our single-electron temperature baseline model, the
broader observed spectra of the FRB PRS requires the electrons
injected into the nebula to possess a modest range of
temperatures (corresponding to a <2-3 temporal or spatial
variation in the jet velocity). The same model consistently
accounts for the magnitude and time evolution of the |RM|yax
of FRB 20121102 and the characteristic timescales (though not
the detailed evolution) of the RM variations about this secular
trend (e.g., in FRB 20121102, 20190520B, and 20180916B)
due to turbulence within, or variations in the FRB line of sight
through, the nebula.

Aside from the extreme, high-M short-lived mass-transfer
phases observable at cosmological distances that we have
focused on here, a modified version of our model could be
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applied to the more volumetrically abundant lower-M ULX
nebulae seen in the local universe (up to a few tens of Mpc).
Although the models presented in this paper include only the
emission from thermal electrons heated at the jet termination
shock, diffusive shock acceleration or magnetic reconnection at
the shock or in the nebula could also supply a population of
nonthermal electrons. This would generate the canonical
power-law synchrotron spectrum extending to frequencies well
above the thermal synchrotron peak, consistent with the radio
spectra observed from radio-loud ULXs such as ULX-1,
Holmberg IT X-1, or NGC 5408 X-1.
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Appendix

A list of all the relevant timescales of the model introduced
in this paper, and their definitions, are provided in Table 1.

Table 1

Model Timescales
Variable See Definition
Lactive Equation (1) Total duration of the accretion phase at mass-transfer rate M.
tin Equation (1) Thermal timescale of the donor star losing mass to the accretor.
P Equation (2) Orbital period of the binary.
tiree Equation (9) Free-expansion timescale beyond which the wind-ejecta shell starts decelerating.
tthin Equation (14) Time after which the wind-ejecta shell becomes optically thin to free—free emission.
100! Equation (16) Cooling timescale of the gas heated at the forward shock.
Texp Equation (18) Expansion timescale of the shocked gas.
tf;“ Equation (19) Critical time after which the forward shock becomes radiative.
£ool Equation (26) Cooling timescale of the gas heated at the reverse shock.
A Equation (47) Synchrotron cooling time of thermal electrons in the nebula.
3" Equation (49) Critical time after which nebular electrons radiate efficiently via synchrotron emission.
tsRM Equation (51) Characteristic timescale for fluctuations in RM.
Iok Section 3.1.2, Equation (53) Time when the peak radio luminosity is attained.
AV Section 3.1.2, Equation (53) Duration of peak light, defined as the time span over which the luminosity is >0.5x its peak value.
At Equation (55) Time-interval over which the radio luminosity changes by a factor of 23 x in 20 yr.
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