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ABSTRACT

We present a high time resolution, multifrequency linear polarization analysis of very large array (VLA) radio observations
during some of the brightest radio flaring (~11Jy) activity of the 2015 outburst of V404 Cygni. The VLA simultaneously
captured the radio evolution in two bands (each with two 1 GHz base-bands), recorded at 5/7 GHz and 21/26 GHz, allowing for
a broadband polarimetric analysis. Given the source’s high flux densities, we were able to measure polarization on time-scales
of ~13 min, constituting one of the highest temporal resolution radio polarimetric studies of a black hole X-ray binary outburst
to date. Across all base-bands, we detect variable, weakly linearly polarized emission (<1per cent) with a single, bright peak
in the time-resolved polarization fraction, consistent with an origin in an evolving, dynamic jet component. We applied two
independent polarimetric methods to extract the intrinsic electric vector position angles and rotation measures from the 5 and 7
GHz base-band data and detected a variable intrinsic polarization angle, indicative of a rapidly evolving local environment or a
complex magnetic field geometry. Comparisons to the simultaneous, spatially-resolved observations taken with the Very Long
Baseline Array at 15.6 GHz, do not show a significant connection between the jet ejections and the polarization state.

Key words: black hole physics — polarization —ISM: jets and outflows —radio continuum: stars —stars: individual: V404 Cygni,
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1 INTRODUCTION

A black hole X-ray binary (BHXB) is an interacting binary system
composed of a stellar-mass black hole accreting material from a
companion star. Standard features of BHXBs are jets and winds,
making them ideal candidates for the study of accretion-fed outflows.
The majority of these systems spend most of their lifetimes in quies-
cence, accreting small amounts of matter, at low X-ray luminosities
(Lx < 10%%ergs™'). Most of the known systems sporadically enter
into bright (Ly > 10* ergs~!), transient outbursts that last weeks to
years (e.g. Tetarenko et al. 2016), allowing for real-time observations
of the evolving accretion flow (best measured at X-ray frequencies;
e.g. Belloni et al. 1999; Tomsick, Kalemci & Kaaret 2004; Kylafis
et al. 2012; Plant et al. 2014) and relativistic jets (best measured at
radio through infrared frequencies; e.g. Corbel & Fender 2002; van
der Horst et al. 2013; Russell et al. 2015; Tetarenko et al. 2015a).
During an outburst, the morphological evolution of the jet closely
correlates with the X-ray properties (i.e. accretion states; e.g. Mc-
Clintock & Remillard 2006; Belloni 2010; Fender 2010). In the
hard accretion state, an optically thin X-ray corona dominates the
X-ray emission and the jet adopts a steady, compact structure. In

* E-mail: hughes1 @ualberta.ca
1 NASA Einstein Fellow

© 2023 The Author(s)

Published by Oxford University Press on behalf of Royal Astronomical Society

some systems, the compact jet is observed to persist into quiescence
(e.g. Gallo et al. 2006; Plotkin et al. 2016, we note that, for
many BHXBs, jets in quiescence will have flux densities below
the detection capabilities of most facilities). Compact jet spectra
are described by optically-thick, partially self-absorbed synchrotron
emission with an inverted or flat spectral index (@ = 0; with flux
density F, oc v¥) up to a break frequency (typically in the sub-
mm or infrared regime) where the spectra become optically thin
(o ~ —0.6) to higher frequency emission (Russell et al. 2013). The
flat/inverted spectral index is thought to result from the superposition
of multiple spatially-unresolved synchrotron components originating
from different positions along the jet axis (Blandford & Konigl 1979).

Conversely, in the soft accretion state, thermal emission from the
accretion disk dominates the X-ray spectrum, and the radio emission
from the compact jet decreases or is fully quenched (e.g. Russell et al.
2011, 2020). During the hard-to-soft transition, one or more blobs
of discrete jet ejecta are typically launched, and these ejecta have
been spatially resolved in several sources (e.g. Mirabel & Rodriguez
1994; Hjellming & Rupen 1995; Hannikainen et al. 2001; Rushton
et al. 2017; Miller-Jones et al. 2019).

The ejection events are attributed to brief periods of highly efficient
plasma production at the base of the jet, creating (often adiabatically)
expanding plasma knots threaded with complex magnetic fields (e.g.
the van der Laan — vdL — model, van der Laan 1966; Hjellming &
Johnston 1988; Hjellming & Han 1995, and references therein).
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Each ejection has an emission spectrum characterized by a single
self-absorbed synchrotron source with a temporally evolving elec-
tron/lepton population. As the ejection propagates and expands, the
self-absorption turnover transitions to lower frequencies, extending
deep into the radio regime and resulting in an observing bandwidth
that is optically thin in its entirety (e.g. Curran et al. 2014, 2015;
Williams et al. 2020). In the radio, these ejections are observed
as multifrequency flares with well-defined rise and decay phases
that last minutes to days. Due to the expansion-driven, evolving
optical depth, the lower frequency components are broadened in
time and temporally delayed with respect to the higher frequency
counterparts (Mirabel et al. 1998). Flaring events from AGN (the
large-scale analogous of BHXBs) have also been modelled based
on the adiabatic expansion of jet plasma (Yusef-Zadeh et al. 2008;
Falcke, Markoff & Bower 2009; Maitra, Markoff & Falcke 2009;
Ball et al. 2021; Michail et al. 2021).

Alternative flaring models can also be applied to BHXB observa-
tions, such as the ‘shock-in-jet’ picture that is typically associated
with AGN (e.g. Marscher & Gear 1985; Spada et al. 2001). Within
this framework, each flare is the result of shocks within a (quasi-)
steady jet accelerating particles and temporarily enhancing emission
intensities (e.g. Fender, Belloni & Gallo 2004; Tiirler et al. 2004;
Tiirler 2011; Malzac 2013).

Most radio jets from BHXBs are described by their photomet-
ric, spectral, and (when available) spatial properties. However, a
much smaller fraction of studies explore the linear polarization
that results from a synchrotron dominated emission spectrum. For
optically thin and optically thick synchrotron emission, the maximum
expected linear polarization fraction is f, = 3p +3)/Bp +7) x
100 per cent ~ 70 per cent and f;, = 3/(6p + 13) x 100 per cent &~
10 per cent, respectively (assuming a uniform magnetic field and
adopting a typical value for the electron energy distribution index,
p = 2.2; Ginzburg & Syrovatskii 1969; Longair 2011). Complex
or evolving magnetic fields, disadvantageous lines of sight, Faraday
depolarization, and the superposition of multiple components are a
few mechanisms that can depolarize the observed radio emission.
BHXBs with polarimetric radio analyses typically have linear polar-
ization fractions < 10per cent with a rare few reaching ~ 50per cent
(e.g. Han & Hjellming 1992; Hannikainen et al. 2000; Fender
2003; Brocksopp et al. 2007, 2013; Curran et al. 2014, 2015). The
polarization fraction measures how ‘ordered’ the local magnetic field
is (or appears to be), whereas the direction of the observed electric
vector position angle (EVPA) is a measure of the local absorption
conditions, jet position angle, magnetic field orientation, as well
as Faraday rotation between the emission and the observer. After
measuring and removing the effect of the Faraday rotation, the
derived intrinsic EVPA can provide an indirect measure of the jet
orientation (e.g. Curran et al. 2014; Russell et al. 2015). In cases
where polarized emission is combined with spatially resolved, total
intensity observations, polarimetry can directly probe the underlying
magnetic field strength and orientation (e.g. Stirling et al. 2004).

Despite the established observational relationship between the
X-ray and radio properties (i.e. the accretion flow and relativistic
jet), the physical mechanisms responsible for the launching and
evolution of jets are yet to be fully understood. Most theories
recognize that the local magnetic fields (and their disk/black-hole
interactions) play an essential role in extracting energy from the
black hole/accretion disk (e.g. Blandford & Znajek 1977; Bland-
ford & Payne 1982) and the initial launching and collimation of
relativistic jets (e.g. Vlahakis & Konigl 2004; Komissarov et al. 2007;
Mignone et al. 2010). These highly energetic processes can leave
imprints on the evolving magnetic fields, making time-resolved radio
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polarimetry, particularly around BHXB ejection events, a valuable
(yet underutilized) tool. Outbursts from BHXBs occur at a moderate
frequency (e.g. several times a year; Tetarenko et al. 2016), with
a rare subset (e.g. once per decade) achieving X-ray luminosities
near (or exceeding) the Eddington luminosity, and Jansky level radio
flux densities (e.g. V404 Cygni’s 1989 outburst reached 1.6Jy at
4.9 GHz; Oosterbroek et al. 1996; Han & Hjellming 1992). During
highly luminous outbursts, we can study accretion and accretion-
rooted phenomena with extraordinary levels of detail, capturing, in
real-time, jet ejections at flux densities that allow for a refined spectral
and temporal resolution for both total intensity and polarimetric
observations. On 2015 June 15, the BHXB V404 Cygni (henceforth
V404 Cyg) began one of these rare outbursts.

1.1 V404 Cygni

First discovered in 1989, V404 Cyg (also known as GS 2023 + 338)
is a low-mass transient BHXB that has undergone four recorded
outbursts. Of the four outbursts, two were caught in real-time;
the initial discovery with the Ginga satellite (Makino 1989) and
the most recent outburst discovered by the Burst Alert Telescope
aboard the Neil Gehrels Swift Observatory (Barthelmy et al. 2015).
Searches through historical photo plates identified that there were
additional outbursts in 1938 and 1956 (Richter 1989). Observations
of the main-sequence companion star revealed an orbital period
of 6.4714 £ 0.0001 d and a binary mass function of f = 6.08 £
0.06 M@ = M]:;H Sil’l3 l/(MBH + Mdonor)zs where MBH and Mdonor are
the masses of the black hole and donor, respectively, and i is the
orbital inclination angle (Casares & Charles 1994). The K spectral
type of the companion star, coupled with near-infrared spectroscopy
(and modeling of the H-band ellipsoidal modulations), infer a
BH mass of 9.0702 M, with a best fit orbital inclination angle
of 67f?° (Khargharia, Froning & Robinson 2010). The modelled
orbital inclination angle assumes that the optical light curve of the
companion star has <7per cent contamination from accretion disk (or
jet) emission. However, V404 Cyg has exhibited optical variability in
quiescence (e.g. Zurita, Casares & Shahbaz 2003; Bernardini et al.
2016) and, as a result, may have a larger contamination fraction,
larger inclination angle, and smaller black hole mass. On the contrary,
narrow emission lines suggest that V404 Cyg has a low inclination
angle i < 40° (Casares et al. 1993) and a higher black hole mass.
This uncertainty suggests the mass of the black hole is not yet
accurate at the 2-7 percent precision level quoted above. High
angular resolution radio parallax measurements determined a source
distance of 2.39 £ 0.14 kpc (Miller-Jones et al. 2009), making it one
of the closest known BHXBs and a superb laboratory for the study
of accretion physics.

During the 1989 outburst, Han & Hjellming (1992) monitored the
radio emission of V404 Cyg between 1989 May 30 and 1991 May 31.
The monitoring began when the radio light curves were dominated
by the tail of a rapidly decaying (decay time-scales of ~5 days)
‘major synchrotron bubble event’. At later times, the radio light
curves were dominated by a slowly-decaying, non-thermal, optically
thick source (e.g. a compact jet) that lasted hundreds of days. Linear
polarization was detected for the first 50 d of observations, except for
the first observation on 1989 May 30 which did not include adequate
polarization calibration. During the decay of the synchrotron bubble,
the polarization fraction was a few tenths of a percent, before
increasing to a few percent during the period when the slowly-
decaying component dominated the radio emission.

On 2015 June 15, V404 Cyg entered its fourth recorded outburst,
and a follow-up campaign showed bright multiwavelength flaring
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activity in radio through X-ray wavelengths (e.g. Mooley et al.
2015; Motta et al. 2015a,b; Tetarenko et al. 2015b,c; Gandhi et al.
2016; Maitra et al. 2017) and rapid (~ 15s) transitions between
accretion states (see, Kajava et al. 2020, and references therein). With
radio-through-optical flux densities reaching ~ Jy levels, V404 Cyg
became the brightest BHXB outburst observed in the last decade,
characteristic of a high, near-Eddington accretion rate, and its close
proximity. The source remained in outburst until the end of June,
from which it began decaying, eventually reaching quiescence in
mid-August (with the source having a brief period of renewed activity
in 2015 December through 2016 January; Plotkin et al. 2017; Mufioz-
Darias et al. 2017).

The MASTER Global Robotic Net detected three linear polariza-
tion ‘events’ using their optical telescope network (Lipunov et al.
2016, 2019). In both events, the source exhibited a significant in-
crease in the linear polarization fraction, following a (total intensity)
flare, followed by a rapid decrease in the linear polarization fraction
during the rise of another flare. The authors favoured a model
where decreased X-ray irradiation of the secondary also decreased its
optical brightness. In turn, this makes it easier to detect the polarized
non-thermal emission from the jet. The authors favoured this model
after having discarded the potential that the jet orientation varied
on time-scales of tens of minutes; however, a rapid, variable jet
orientation was later confirmed (see below and Miller-Jones et al.
2019).

Shahbaz et al. (2016) detected another linear polarization flare
using observations with the Nordic Optical Telescope. This flare
occurred during a steady rise of optical flux and preceded some of
the brightest optical flaring of the entire outburst. Moreover, the flare
preceded the start of a bright radio flare. These authors proposed
that the increase in linear polarization could result from multiple
ejecta collisions establishing a dominant magnetic field direction
perpendicular to the jet axis and may be the signature for the birth of
the ejection that produced the subsequent radio flare.

During this same outburst, modeling of radio-through-sub-mm
observations (Tetarenko et al. 2017) and Very Long Baseline Array
(VLBA) observations (Miller-Jones et al. 2019) uncovered short
time-scale flaring of the jet. Here, the jet ejecta account for most,
if not all, of the observed flaring. However, we note that detailed
modelling of the X-ray emission suggested that the source may have
been continuously accreting at an Eddington accretion rate during
the brightest phase of the 2015 outburst (Mufloz-Darias et al. 2017).
As a result, the jet ejecta in V404 Cyg are not clearly associated
with the same discrete-jet launching process that occurs during
hard-to-soft state transitions in BHXBs, which occur around lower
accretion rates (Fender et al. 2004). The VLBA observations directly
resolved several of these ejection events on top of a continuous
(but variable) emission from an empirically defined unresolved radio
core. The position angle (PA) of the ejecta varied rapidly with
time, a phenomenon that was attributed to the Lense—Thirring
precession of the accretion disk (Miller-Jones et al. 2019). Al-
though the authors constrained the period to less than 2.6 h, the
rapidly varying PAs suggested that the true period was substantially
shorter.

In this paper, we add to the detailed radio analysis of the 2015
outburst detailed in Tetarenko et al. (2017) and Miller-Jones et al.
(2019). Here, our primary focus is the extraction and analysis of V404
Cyg’s (radio) polarization properties — derived from National Science
Foundation’s Karl G. Jansky very large array (VLA) observations
— during some of the outburst’s brightest flaring activity on 2015
June 22. The remainder of this paper is structured as follows; in
Section 2, we introduce our observation and analysis procedure,
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while in Sections 3 and 4, we present and discuss our results. Finally,
we summarize our findings in Section 5.

2 OBSERVATIONS AND ANALYSIS

2.1 Very large array data reduction

The details of the primary VLA observations were first discussed
in Tetarenko et al. (2017). V404 Cyg was observed with the VLA
(Project Code: 15A-504) on 2015 June 22 with scans on source
between 10:37:24 and 14:38:39 UTC in the 4-8 GHzand 18-
26 GHz bands. All observations were made with an eight-bit sampler,
comprised of two base-bands, with eight spectral windows of sixty-
four 2 MHz channels each, giving a total (unflagged) bandwidth of
1.024 GHz per base-band. Henceforth, we will refer to each base-
band by its characteristic frequency values of (~) 5, 7, 21, and
26 GHz .

The array was in its most extended A configuration, and was split
into two sub-arrays of 14 (sub-array 1) and 13 (sub-array 2) an-
tennas. Sub-array 1 observed the sequence (5/7 GHz)-(21/26 GHz)-
(5/7 GHz), while sub-array 2 observed the sequence (21/26 GHz)-
(5/7 GHz)-(21/26 GHz). Both sub-arrays cycled between V404 Cyg,
observed for 88 s per cycle flanked by 32 s observations of a nearby
gain calibrator (J2025 4 3343). A second epoch was observed during
the source’s return to quiescence, taken on 2015 July 2, with scans
on source from 10:31:08 to 14:01:32 UTC. The observing bands and
sub-array schemes remained consistent with the primary June 22
observations (Tetarenko et al. 2019). We also analysed five epochs
taken between July 11 and August 5, during the source’s return to
quiescence (Project Code: SG0196; Plotkin et al. 2016), although we
were unable to detect any polarized signal in these latter observations
(see Section 3.2).

We applied standard flagging and calibration to the Stokes I (i.e.
total continuum flux density) data using the Common Astronomy
Software Application package (CASA v5.6; McMullin et al. 2007). We
used 3C48 (0137 + 331) as a flux and absolute (linear) polarization
angle calibrator, J2025 + 3343 as a complex gain (aka phase) calibra-
tor, and J2355 4 4950 as an unpolarized leakage calibrator for both
sub-arrays. Due to V404 Cyg being weakly polarized, we grouped our
polarization calibration solutions on 16 MHz (8 channel) intervals.
For our Stokes I flux calibration model, we used the default CASA
model repository (Perley & Butler 2017). However, the standard
calibration routine for Stokes Q and U (i.e. linearly polarized flux
densities) assumes that the polarization calibrators are point sources.
Since we observed with the VLA in its most extended configuration,
3C48 was resolved. The ‘degree’ of resolution ranges from a slightly
extended Gaussian at 5/7 GHzto multiple distinct components at
21/26 GHz . As a result, we constructed a spatially resolved model
image for each observing band. Our model contained information on
all four Stokes parameters, assuming no circular polarization, and
adopted the spatial distribution of the Stokes I repository models.
A detailed description of our polarized model image can be found
in Appendix B. We note that the spatial distribution of the flux
densities may differ between Stokes I, and Stokes Q/U (i.e. linearly
polarized flux densities), and, as a result, our measured polarizations
are susceptible to systematic calibration errors; in particular, for the
21/26 GHz basebands, where our calibrator is significantly resolved.

2.2 Imaging

Since V404 Cygni was expected (and found) to be unresolved
regardless of the chosen visibility weighting, we applied a natural
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Table 1. Table of imaging properties. The highlighted frequency parameters for each base-band are the central frequency of the lowest
(v;) and highest (vs) channels, in addition to the imaging bandwidth (Av) assuming a typical ~15% loss during flagging and calibration.
At, is the average time on source. The theoretical rms noise (0'1s) and the median rms noise for each Stokes parameter (07, 09, o y)
are also highlighted. The high time-resolution images (Av ~ 110 MHz ) were excluded from the self-calibration procedure due to the
number of images (~45000). The theoretical noise estimates were calculated using the VLA exposure calculator; obs.vla.nrao.edu/ect/.

Base-band v;i (MHz) vy (MHz) Av (MHz) At (S) O ms (MJy) o (mly) oo (mly) oy (mly)

5GHz 4738 5762 850 520 0.03 0.2 0.05 0.05
16 520 0.2 0.4 0.3 0.3
110 10 0.6 2 — —

7 GHz 6938 7962 850 520 0.03 0.3 0.06 0.06
64 520 0.1 0.4 0.14 0.14
110 10 0.6 3 — —

21 GHz 20288 21312 850 520 0.09 1 0.14 0.15
110 10 1.5 10 — —

26 GHz 25388 26412 850 520 0.08 1.7 0.3 0.2
110 10 1.5 12 — —

uv-weighting scheme to all of our images, maximizing sensitivity.
Moreover, since we also knew that the Stokes I flux density was
rapidly changing, we generated our analysis images in Stokes /, Q,
and U, on short time-scales of 12 or 14 min (6 or 7 scans; i.e. ~8
or 9.5min on source).' These time-scales, some of the shortest ever
used in a radio polarimetric analysis of a BHXB, balance cadence
and polarized sensitivity.

We used the WSCLEAN package (Offringa et al. 2014) to make all of
our polarimetric images. We imaged each base-band independently,
as well as Stokes I separately from Q and U. In each base-band for
every time-bin we had WSCLEAN output a set of images across a
user-set number of channels, as well as a single ‘multifrequency-
synthesis’ (MES) image that stacks all the individual channels. We
measured the linear polarization intensities (P = / Q2 + U?) for
each base-band/time-bin pair from the MFS images.

Any observed EVPA at an arbitrary observing wavelength A, is
related to the intrinsic EVPA, x, through the linear relationship,
x(A) = xo + RM - A2, The slope (i.e. the rotation measure, RM)
quantifies the wavelength-dependent Faraday rotation of an EVPA
due to linearly polarized light propagating through a magneto-ionic
plasma. Since our observables are x and A, the largest detectable
rotation measure is inversely proportional to the A?> channel spacing.
The linearly-spaced frequency channels result in a A> channel density
that increases with increasing central frequency. To avoid potential
biasing of results by the higher frequency observations, we scaled
the imaging frequency bins used for rotation measure analysis to
maintain a (roughly) constant A? channel spacing; this resulted in a
frequency-space channelization of 16 MHz for the 5 GHz baseband,
and 64 MHz for the 7 GHz baseband. Due to their large temporal
delays (= 30 min ) with respect to the 5/7 GHz base-bands, we chose
to omit the 21/26 GHz base-bands from the rotation measure analysis.
The omission will minimize the overlap of optically thick and
optically thin emission, as well as any overlap of emission from
different jet components (see Appendix A for a more comprehensive
motivation behind the omission). As a result, we did not scale the
frequency binning any broader than 64 MHz .

The larger Stokes I flux densities allowed us to image the total
flux density light curves on much shorter time-scales (~10s) than
is required for accurate polarimetry. For each spectral window,

'We made the time bins a variable integer number of scans to avoid combining
scans from different sub-arrays. We note that the ~20per cent difference in
on-source time has a negligible effect on the analysis.
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we produced a high time-resolution light curve, using the publicly
available? imaging scripts detailed in Tetarenko et al. (2017). These
images critically allow us to compare the simultaneous Stokes I flux
density and linear polarization evolution.

We observed an elevated rms noise in each image when compared
to the predicted values (see Table 1 for a summary). These effects
are most significant in the Stokes I images and appear to worsen
at higher central frequencies and when larger frequency ranges are
used to create a single image. Therefore, we implemented a phase
self-calibration routine to explore if the elevated Stokes I noise is
biasing the polarimetric results. Our self-calibration routine was
broken into three steps that refined the phase calibration solutions
on progressively shorter time-scales: first, half the length of a source
scan, 44 s; then a quarter, 22 s; and ending with solutions on the
integration time-scale, 2s. We excluded amplitude self-calibration
due to the known Stokes I variability within our imaging intervals.
Although the phase self-calibration improved the Stokes I rms noise,
we were unable to reach the theoretical limit expected from thermal
noise. This result is not unexpected: (i) we are averaging over variable
emission (spectrally and temporally) during our imaging routines;
(ii) the reduction in baseline coverage due to the division into sub-
arrays coupled with the bright emission is expected to limit the
dynamic range; (iii) completely automated self-calibration, like we
employ, can have difficulties achieving high dynamic ranges; (iv)
we only image a ~51 arcsec x 51 arcsec field-of-view, and there
can be some added noise across the entire image due to our nearby
phase calibrator (approximately 16.6 arcmin from V404 Cyg) — our
primary beams range from 1.6-8.9 arcmin, leading to noise that
would be stronger in our lower frequency basebands. Since the self-
calibration and its reduction of the Stokes I rms had a negligible effect
on both the noise of the Stokes Q and U images and our measured
polarimetric parameters, we are confident that the elevated noise is
not a significant issue. For the remainder of this analysis, we have
adopted our self-calibrated results.

2.3 Flux density extraction

We measured the Stokes I flux densities and linear polarization
intensities (from the MFS images) from an image plane analysis
using the CASA task imf it. We fit an elliptical Gaussian component
in a small sub-region around the source, fitting for the position, flux

Zhttps:/github.com/Astroua/AstroCompute _Scripts
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density, and shape of the component. Due to the source’s weakly
polarized emission, at fine spectral resolutions (e.g. the 16 MHz
channelization), the Stokes Q and U flux densities are similar in
magnitude to (or weaker than) the local peaks in the rms noise (see
Appendix D). Often our attempts to freely fit the Stokes Q and U
images using imf it did not converge or converged on artificial noise
signals. Therefore, we decided to fix the shape of the component,
and only fit for the flux density in the region (i.e. we performed
forced aperture photometry). We set the component shape to be the
synthesized beam of each image, and used the position of the P peak
(for each time bin and base-band) as the position of our aperture.
We extracted the rms of each image using a large annular region
centred on the source. To check for bias by a non-zero background
we subtracted the mean flux density in the rms region from the flux
density of the source. The background subtraction had a negligible
effect on our results.

The fine (spectral) resolution images uncovered anomalous chan-
nels (~1-2 per time bin) that were missed during flagging and
calibration, or corrupted during imaging. We apply a o-clipping
routine to remove these channels from the Stokes I spectrum of
each time bin. After constructing a model spectrum by passing
our Stokes I data through a narrow Gaussian filter with o =
2.5 data points, corresponding to 5 and 20MHzat 5 and 7 GHz,
respectively, any flux density point that was > 3 residual standard
deviations from the model spectrum was flagged. We continued the
routine until the fractional difference in residual standard deviations
between the current and previous iteration was < 0.001 per cent. The
channels removed from the total intensity spectra were recorded and
subsequently removed from the Q and U spectra. No further data
manipulation was applied.

2.4 Polarization properties

We derived all polarization properties from the flux densities
extracted during image plane analysis. The polarization intensity
images, P, = v/ Q2 + U2, for an image with a central wavelength
X, were created from the Stokes Q and U images using the native
CASA task immath. Since P, is positive definite, we debiased
each polarization intensity using the correction from George, Stil &
Keller (2012); P, o =
the RM synthesis routine (Section 2.4.1), we have chosen ogy =
%(UQ + oy) to parametrize the noise in P;, noting that oy ~ oy
for all of our images. The polarization fraction adopts its standard
definition, f, = P;_ /I, and we approximated its error using Gaussian
error propagation. We recognize that the MFS images will experience
a degree of bandwidth depolarization due to averaging over an intra-
band Faraday rotation. However, at our detected rotation measures
(IRMI ~ 100rad m~2 ), even at the lowest frequencies, the amount
of depolarization is insignificant; A f; / fi < lper cent.

To extract the intrinsic EVPA and rotation measure from each time
bin, we applied two independent methods: rotation measure syn-
thesis and a custom Markov-Chain Monte Carlo (MCMC) routine.
Meaningful RM synthesis results requires a band-averaged, polarized
SIN of P, ologu 2 7 (e.g. Brentjens & de Bruyn 2005; Macquart
etal. 2012). To ensure the significance of each detection, we enforce
the P, /o gy > 7 restriction on the 5/7 GHz base-bands separately.
Our aggressive restriction was motivated by the susceptibility of
weakly polarized data to spurious effects from imperfect leakage
calibration. As a result, we limited the intrinsic EVPA and rotation
measure analysis to the 13 time bins between 11:15 and 13:53 UTC.
Data tables including our polarimetric measurements can be found
in Appendix E.

P? —2.30},. To remain consistent with
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2.4.1 Rotation measure synthesis

Rotation measure synthesis derives the linear polarization parameters
of a source through its structure(s) in Faraday space; i.e. its Faraday
dispersion function (FDF; see, Burn 1966; Brentjens & de Bruyn
2005; Macquart et al. 2012; Hales et al. 2012, for a comprehensive
description). We generated each FDF using the RM-TOOLS® reposi-
tory, currently developed and maintained by the Canadian Initiative
for Radio Astronomy Data Analysis (CIRADA). To mitigate any
aliasing at large rotation measures, we fixed the FDF domains at
+1.5 x 10° rad m ~2, i.e. twice the rotation measure that corresponds
to a ~50per cent drop in sensitivity at our spectral channelization.
Furthermore, we fixed the bin size at 75radm~2, a factor of 20
(twice the median polarized S/N) smaller than the full width at half
maximum of the rotation measure synthesis function. The package
typically quantifies the noise in each FDF (ogy) using the median
absolute deviation after masking the strongest rotation measure
component. We chose to use the rms noise as it was a factor of
~2 larger, and thus, increased our confidence in each detection. Any
FDF component that satisfied a > Sory condition was recorded.
During the construction of each FDF, the observed EVPAs are de-
rotated to their values at the weighted mean of the A? channels, with a
1/ aé v weighting. The intrinsic EVPA is calculated from a further de-
rotation using the best-fit rotation measure; i.e. xo = x», — RM - Ai,,
where A2 is the weighted average of all A> channels and x,, is the
observed polarization angle at A2.

2.4.2 Markov-Chain Monte Carlo

Since V404 Cyg is weakly polarized, we also employ a simple
Bayesian forward model to fit the polarization parameters directly
to the Stokes fluxes. Consistency between the two methods is an
important check to mitigate the potential that our derived polarization
parameters originate from noise, as opposed to an intrinsic signal.
Our fitting functions adopt the following forms;

0, = I, f, cos (2xw +2RM - (A2 — 22)) ; and (1)

U, = I frsin (2 + 2RM - (3% — 22)) . )

We chose to fit for x,,, to remain consistent with the RM synthesis
routine. The superscript, A, in equations (1) and (2) denotes the
central wavelength of the spectral channel of interest. The model
parameters for Stokes / (TA) and the linear polarization fraction
( f;) were excluded from the fitting procedure, due to negligible
correlation with the quantities of interest (RM and x,,). Instead, the
Stokes I and polarization fraction models were smoothed using a
Savitzky—Golay filter (Savitzky & Golay 1964), retaining the overall
structure while removing stochastic variability, and stabilizing the
fitting routine.

We assumed the sampled flux densities were independently
distributed normal random variables, resulting in a log-likelihood
function (£) of the following form,

Ry
logL = —Z |:10g\/2715§_x+(QA252QA)

A Q.1

= (U, = U,

lo 2 2 ey —
+ log Tog,; T+ 201%

where Q,/U; and é 1/17 ,, are the measured and modelled flux den-
sities, respectively. We added two additional modeling parameters,

, 3

3https://github.com/CIR ADA-Tools/RM-Tools
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00, sys and 0y, gy, that are channel independent variances to account
for missed systematic effects. The variances seen in equation (5)
are the sum of the measured rms noise variance and our systematic
addition (e.g. 65, = 05, + 05 ,)-

We used the MCMC algorithm implemented through Python’s EM-
CEE package. EMCEE is a pure-Python implementation of Goodman
and Weare’s Affine Invariant MCMC Ensemble Sampler (Foreman-
Mackey et al. 2013; Goodman & Weare 2010); a modified version of
the classic Metropolis-Hastings algorithm, simultaneously evolving
a select number of walkers through parameter space. The number of
(sampling) walkers was fixed at five times the number of dimensions,
20. We chose four broad, uniform, and uninformative priors to
reflect the lack of a priori information on V404 Cyg’s polarization
state. The systematic variance priors were positive definite, with
maximum values chosen to be twice the variance of the measured
flux densities. The rotation measure prior adopted the FDF domain,
+1.5 x 10°radm™2. A uniform prior was unable to capture the
circularity of the EVPA. As a result, individual walkers frequently
would become trapped in the local minima created by the prior’s
edges, subsequently inhibiting convergence. To combat this, we ex-
panded the prior to +377 /2 rad while maintaining the initial condition
distribution for the physically meaningful range of £m/2rad. We
initialized each run with 80 walkers, four times the number intended
for sampling. Following an initial set of ‘burn-in’ iterations, we
removed the 60 walkers with the lowest posterior probabilities and
adopted the remaining 20 as the starting positions for sampling. After
sampling, we verified that each simulation converged by visually
inspecting the walkers over a large number of autocorrelation times.

We adopted the median of each posterior distribution as the best-
fit value of our model, and the ranges between the median and the
15"/ 85™ percentiles as the 1o (—)/(+) uncertainties, noting that the
measured uncertainties are purely statistical. Once again, the intrinsic
EVPA was solved for using, xo = x» — RM - A2, and we calculated
its error using standard Gaussian error propagation.

3 RESULTS

By splitting our ~3.5 hr observation into sixteen ~13 min time bins,
we have measured the temporal evolution of the linear polarization
fraction (Fig. 1), rotation measure, and intrinsic EVPA (both Fig. 2)

during the 2015 June 22 flaring events of V404 Cyg. In this
section, we present our polarimetric results. We note that weak linear
polarization fractions should be treated with caution; in Appendix C,
we compare our results to the simultaneous evolution of the phase
calibrator (f; ~ 2 per cent) to ensure that significant changes we
see in V404 Cyg arise from physical evolution, and not systematic
calibration effects.

3.1 Linear polarization fraction

Each base-band showed a weak but variable degree of linear polariza-
tion with a maximum linear polarization fraction that decreased with
decreasing frequency; i.e, maxima of ~0.22, 0.25, 0.5, 0.75per cent
for the 5, 7, 21, and 26 GHz base-bands, respectively. The maximum
linear polarization fraction occurs between the peaks of the first
and second Stokes I flare, and, like Stokes I, occurs at later times
for lower-frequency observations. There is evidence of a second
(much weaker) linear polarization fraction peak in the 21 GHz
base-band, between the second and third flare (at ~ 12:50 UTC).
This secondary peak is marginally detected in the 5/7 GHz base-
bands, but is consistent with noise at 26 GHz . Additionally, in the
21/26 GHz base-bands, at late times the linear polarization fraction
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begins to increase alongside the decay of the third flare. A similar
increase is not observed in the 5 GHzbase-band, with a marginal
trend seen in 7 GHz, although temporal delays would have likely
shifted any peak at these frequencies beyond our observing time.

In the 2015 July 2 observations, during V404 Cyg’s return to
quiescence, the Stokes / flux densities had decreased to ~ 4 mly
across all base-bands. As a result, we are unable to detect weakly
polarized emission, and the source showed no polarization with a
99per cent confidence upper limit on the polarization fraction of
1.0, 0.9, 2.2, 2.4 percent for the 5, 7, 21, and 26 GHz base-bands,
respectively. Here, we calculated upper limits following Vaillancourt
(2006). Furthermore, we analysed five subsequent epochs of the 5/7
GHz observations taken between 2015 July 15 and 2015 August
5 (see, Plotkin et al. 2017, for details). Of these five epochs, data
on 2015 August 5 had the most constraining upper limits, 6.0, and
5.1per cent (for the 5 and 7 GHz base-bands respectively), with all
other epochs having upper limits between 10 — 25per cent. While we
cannot detect a weakly polarized signal with these observations, a
~ Sper cent limit is lower than some past linearly polarized fractions
detected in BHXBs (e.g. Han & Hjellming 1992; Brocksopp et al.
2007; Curran et al. 2014, 2015).

The S/N of all linear polarization intensities are =5 with the
strongest detections reaching P, o/ogy ~ 25 (see Table El). At
all f;, imperfect leakage calibration systematically increases the
observed linear polarization fraction. This effect is not included in the
calculations of the S/N of linear polarization intensities or the errors
on f; that we present. While our higher f; values may be (slightly)
overestimated due to imperfect leakage corrections, the lower values
could be due to spurious signals and are actually consistent with no
linear polarization. Following Hales (2017), the predicted level of
spurious linear polarization fraction is Rayleigh distributed with a
mean given by

T

fspur,mean ~ \/W (fl%ue + N, [(S/N)I]iz)s (4)
a

where, N, is the number of antenna in each sub-array (N, = 11/13
for Sub-array 1/2, respectively), (S/N); is the Stokes I signal-to-
noise ratio of the leakage calibrator at the frequency of interest (with
a 16 MHz leakage solution bandwidth), and fie is the true linear
polarization fraction of the leakage calibrator. For fi,., we adopted
the mean linear polarization fraction from the VLA polarization cal-
ibrator catalog,* corresponding to, 0.04 per cent, and 0.17 per cent
for the 5/7 and 21/26 GHz bands, respectively. We measured the
Stokes I signal from an image plane analysis using imfit. Due to
the leakage calibrator’s large Stokes I flux densities and our sparse
uv-coverage (from a single scan, 13-element sub-array), the Stokes
I images are dynamic range limited. As a result, we chose to use
oqu as the noise value in (S/N);, as opposed to o;. The Stokes Q
and U images were not dynamic range limited and thus would better
quantify the instrumental noise that also affects the Stokes I data.
We present the spurious linear polarization parameters in Table 2.
The differences between the two sub-arrays are the result of elevated
noise in sub-array 2. We note that the minimum linear polarization
fraction we detect in each base-band is approximately equal to the
predicted values of fipur, mean-

Henceforth, we define the significance level (SL) as the probability
that a detection is not the result of a purely spurious signal (See
Fig. 1, horizontal-dotted lines). The significance levels for all maxima

4The VLA catalog can be found here; http://www.vla.nrao.edu/astro/evlapol
cal/index.html
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Figure 1. Temporal evolution of the linear polarization fraction; 26 GHz (top), 21 GHz (2nd from the top), 7 GHz (4th from top), 5 GHz (5th from top). The
two-point spectral indexes of the 21/26 GHz (3rd from top) and the 5/7 GHz (bottom) show the simultaneous evolution of the absorption conditions. The vertical
dashed lines across all panels highlight the time of the maximum fractional polarization in the 26 GHz base-band. The horizontal dashed lines highlight the value
of the mean spurious linear polarization fraction for each base-band; the discontinuities are the result of elevated noise in sub-array 2. The diamond markers
correspond to SL> 90 per cent, and the squares to SL< 90 per cent. The grey curves display the simultaneous Stokes I flux density evolution for each base-band.
We can see that the linear polarization fraction exhibits a similar frequency-dependent delay as the Stokes I light curves and is offset from the (Stokes I) maxima.
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Figure 2. Polarization properties measured from the 5 and 7 GHz base-band observations, for both the MCMC and RM synthesis routines. The vertical shaded
region corresponds to the detections with an average significance level > 90per cent between the 5 and 7 GHz base-bands. The underlying grey curve in each
panel is the average Stokes I light curve between the 5 and 7 GHz base-bands. There is strong agreement between the two polarimetric methods. (top) The rotation
measure; the horizontal dotted line shows the weighted average of the rotation measures (~ — 100rad m~2). (2nd from top) The observed EVPA de-rotated to
the weighted mean of all A2 channels. (third from top) The intrinsic EVPA. The horizontal bars show the PAs (4-90° ) of the dominant VLBA ejecta identified in
Miller-Jones et al. (2019). The length of the bar span the times between the ejection time and when an ejected component is not longer detected, and the darker part
of the bar shows when it was the brightest ejected component (excluding the compact core; see Fig. 3). The vertical size of the bars is fixed at the uncertainty in
the PA. We adopt the naming conventions from the original paper. (bottom) The average linear polarization fraction between the 5 and 7 GHz base-bands. We can
see the rotation measure is constant and the EVPA exhibits a ~ 30° rotation between ~11:30 and 12:30 during the decay of the polarization fraction maximum.
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Table 2. Table of spurious linear polarization properties. All symbols
adopt their definitions as defined in the text.

Sub-array N, Base-band (S/N); Jspur.mean(%)
1 13 5GHz 1702 0.053
7GHz 1656 0.054
21 GHz 516 0.18
26 GHz 418 0.22
2 11 5GHz 1331 0.067
7 GHz 1335 0.066
21 GHz 480 0.19
26 GHz 357 0.25

are > 99 per cent, confirming that we have observed an intrinsic
polarized signal in each base-band; the SLs for each time bin are
tabulated in Table E1). Only one scan per sub-array was used to
correct leakage, and leakage converts Stokes I into P. This leads
to a single offset in fractional linear polarization in the absence of
noise. On the contrary, imperfect leakage can potentially lead to
dynamic systematic-error-induced changes in the measured EVPA
due to parallactic rotation.

3.2 Rotation measure and electric vector position angle

The derived rotation measures exhibit stochastic variability, with
values between —330 < RM < —20radm~ (top panel, Fig. 2),
and show a strong agreement between the two polarimetric methods
in almost all time bins (the only = lo disagreement occurs in the
final, lowest S/N time bin). The weighted means of the rotation
measure, are —100 & 16 rad m~2 for the RM synthesis method and
—100 % 12rad m™2 for the MCMC method. We applied a simple
variability analysis by calculating the x? statistic against a constant
RM model equal to the weighted mean. The x? values of 10.6
(RM Synthesis) and 17.4 (MCMC) for 12 degrees of freedom
are consistent with a constant rotation measure at probabilities of
Sé6per cent and 13per cent, respectively.

When we use the default RM synthesis prescription (i.e. quan-
tifying the noise in the dispersion function with an appropriately
scaled median absolute deviation rather than the rms), the detection
uncertainties reduce by a factor of ~2, and the RM Synthesis x>
value become significantly larger than the MCMC value (53.5/12),
consistent with a variable rotation measure. However, this choice
also increases the population of >50ry components to = 10 for
each FDF, with rotation measure magnitudes ~10° — 10° radm~2.
These rotation measures are characteristic of extremely particle-rich
lines of sight (e.g. towards the Galactic Centre) and, historically,
have not been observed in outbursting BHXBs. Our phase calibrator,
a source with ~ 2 per cent linear polarization, showed a similar
population of secondary components. We find it very unlikely that
these sources would exist while evading detection during recent
Galactic rotation measure analyses (Oppermann et al. 2012, 2015;
Hutschenreuter & EnBlin 2020). Therefore, we propose that these
components are artefacts from imperfect A> sampling (cf., the effects
of poor/patchy uv-coverage during synthesis imaging; Taylor et al.
1999) or a systematic effect in the modern RM synthesis routine(s).
We conclude our decision to use the FDF rms noise is more reflective
of the statistical significance of each detection and that we cannot
identify any significant rotation measure variability from V404 Cyg.
As a result, for our analyses, we have adopted a constant rotation
measure equal to the (inverse-variance) weighted mean of rotation
measures across all time bins; i.e. RM = —100 £ 16 (12) rad m—2
for the RM Synthesis (MCMC) method.
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Both the observed EVPA (x,; Second panel, Fig. 2) and intrinsic
EVPA (xo; Third panel, Fig. 2) exhibit a clear temporal evolution,
with strong agreement between the RM synthesis and MCMC
routines. Moreover, due to the stable rotation measure, this evolution
suggests an intrinsic change in the (polarized) emission environment.
In the SL > 90 per cent regime, both observed and intrinsic EVPA
evolve gradually, with a ~30° change. The intrinsic EVPA evolves
from ~ 80° to ~50° between 11:30 and 12:30 UTC. The intrinsic
EVPA then stabilized at the ~ 50° for the remaining time bins.

4 DISCUSSION

In this section, we describe the short time-scale evolution of our
polarimetric results and compare the observed behaviours to the
1989 outburst. Moreover, we correlate this evolution with total
intensity light curves, high (spatial) resolution imaging and optical
polarization detections. When analysing the connection between
the polarization flaring and the high resolution radio imaging, we
limit our discussion to the spatially-resolved VLBA components
that dominate the VLBA light curve at a given time. This implic-
itly assumes that any resolved polarized flux density would track
the resolved Stokes I flux density (i.e. Py ; o [,). Although we
make this assumption, we cannot rule out the possibility that the
dominant VLBA components are unpolarized and the sub-dominant
components (with average Stokes I flux densities < 10 per cent of
the dominant counterparts) are the source of the polarized emission.

4.1 Linear polarization fraction

The majority of BHXB outbursts have measured linear polarization
fractions of 22 per cent at 1-10 GHz (e.g. Fender 2003; Brocksopp
et al. 2007; Curran et al. 2015), with rare cases reaching appreciable
fractions of the theoretical limits (e.g. the ~50 per cent detections
of XTE J1752 — 223 and Swift J1745 — 26; Brocksopp et al. 2013;
Curran et al. 2014). Even when considering the typical reduction
compared to the theoretical maxima, our measured maximum linear
polarization fraction (~0.2 per cent in the 5/7 GHz base-bands) for
V404 Cyg is a factor of ~10 less than a standard, weakly polarized
signal during a BHXB outburst. However, we acknowledge that past
outbursts with comparably weak polarization fractions may not have
had sufficient S/N for a clear detection and/or the larger (average)
polarization fractions may suffer from a publication bias where
strongly polarized outbursts are more often introduced within the
literature.

Observers caught a glimpse of a comparably low polarization
fraction during the monitoring of the 1989 outburst of V404 Cyg. The
first day of polarization observations — 1989 June 1, during the decay
of the ‘major synchrotron bubble event’ (i.e. the ejection of a bright
cloud of synchrotron emitting plasma) — recorded the lowest polar-
ization fraction of the entire campaign, measuring 0.4 & 0.1 per cent
at central frequencies of 4.9 and 8.4 GHz . During the decay of the
1989 outburst, the radio emission exhibited an inverted spectrum
and linear polarization fraction of ~3 per cent, characteristic of a
typical compact jet (Han & Hjellming 1992). The polarized signal
was consistently detected for 50days (between 1989 June 1 and
1989 July 18) before the flux density decayed below the detection
threshold. In contrast, we did not observe an increase to a few per cent
polarization fraction during the decay of the 2015 outburst. The 2015
July 2 epoch places a 99 per cent confidence interval upper limit of
~1 per cent on the 5/7 GHz polarization fraction, consistent with the
2015 June 22 observations, but below the level seen in the compact
jet during the 1989 outburst. Furthermore, none of the epochs in

MNRAS 521, 185-207 (2023)

$20Z Jaquieoa( /| uo Jasn Aseiqr AusiaAlun umlng Aq €6/8202/S81/1/1 2S/a10ne/seiuw/woo dnoolwepese//:sdiy woll papeojumod



194  A. K. Hughes et al.

Plotkin et al. (2017) showed any polarized emission, although we
note that the upper limits are significantly larger than the maximum
polarization fraction detected during the 1989 outburst.

The Stokes I flux density of V404 Cyg decayed significantly faster
in the most recent outburst, taking ~30 days in 2015, as opposed to
~300days in 1989. Tetarenko et al. (2018) suggested that the more
rapid decay was the result of the strong winds originating from
the accretion disk (detected by Muifloz-Darias et al. 2016) rapidly
depleting the disk and leaving less matter to fuel the jets. Other
factors may have also played a role; these could include the total
mass reservoir built during the quiescent periods prior to the two
outbursts — 33/26 years for the 1989/2015 outbursts respectively —
or differences in the total mass accreted during the bright outburst
phases. In contrast, the polarization fraction depends on the structure
of the jet(s), and is only indirectly related to the Stokes I flux
density (i.e. ideal, optically-thick synchrotron emission at 1 Jy versus
1 mJy would both have a linear polarization fraction of 10 per cent).
Therefore, the <1 per cent upper limits on 2015 July 2 when the radio
emission was dominated by a compact jet (compared to ~3 per cent
during similar epochs of compact jet dominance in 1989), suggests
the most recent outburst had a less-ordered magnetic field in the jet or
suffered from higher depolarization due to independent unresolved
components within the VLA beam.

There are two clear features of the linear polarization fraction:
(1) it is continuously weak (<1 per cent) regardless of the time bin;
(ii) it evolves in time, with maxima and minima linear polarization
fractions (in each base-band) separated by a factor of ~5.

4.1.1 Origin of low linear polarization fraction

The short times between flares, the precession of the jet axis, and
the energetics required for such a luminous outburst are charac-
teristic of a complex (magnetic and geometric) environment, and
are expected to inhibit strongly polarized emission. At a spatial
resolution of ~1AU the core emission identified by the VLBA
could arise from an unresolved population of ejecta (likely on
top of a compact jet). The jet axis precession would cause these
ejecta to have variable PAs, and, assuming similar internal mag-
netic fields, variable EVPAs. The superposition of the unresolved
(and resolved) ejecta in our VLA observations will decrease the
polarization fraction, unless all unresolved components have the
same polarization fraction and EVPA. The effects of multicomponent
superposition (i.e. when the coherence length of the magnetic field
is significantly smaller than the angular resolution) was seen in the
recent Event Horizon Telescope (EHT) observations of M87; the
lower spatial resolution of ALMA reduced multiple components
with linear polarizations of 2>20per cent (resolved with the Event
Horizon telescope) to a net polarization fraction of ~2per cent
for the M87 core (Event Horizon Telescope Collaboration et al.
2021).

In the 2015 outburst of V404 Cyg, the maximum linear po-
larization fraction in each base-band decreases as the frequency
decreases. Here, we consider the maximum of each frequency
because of the potential time delays between base-bands. A decreas-
ing polarization fraction with decreasing frequency is a common
characteristic of Faraday depolarization. In particular, sources with
strong Faraday rotation within their emission regions can appear
depolarized (in Section 4.3 we find that the jet itself may be
a strong source of Faraday rotation). Faraday depolarization has
been well established in radio studies of AGN (e.g. Pasetto et al.
2018) and was observed for the candidate BHXB SS 433 (Stirling
et al. 2004). While the complexity of the spectral and temporal
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evolution of the 2015 outburst of V404 Cyg makes it difficult
to determine if we are in fact seeing Faraday depolarization,
here we make some simple calculations. The simplest Faraday
screen geometry (i.e. a single uniform slab of synchrotron emitting
plasma Burn 1966; Sokoloff et al. 1998) predicts a depolarization
of Af,/f. ~ 10 per cent between the 26 and 5 GHzbase-bands.
Therefore, a more complex model (see, Pasetto et al. 2018) would
be required for Faraday depolarization to explain the ~ 70 per cent
(0.75 per cent at 26 GHz to 0.22 per cent at 5 GHz) depolarization
we have observed (such an analysis is beyond the scope of this
paper).

We cannot ignore the possibility that during this outburst, the
magnetic fields in the jet(s) are intrinsically more disordered than
typical BHXB outbursts. The BHXB GRO J1655 — 40 entered a
multiflaring highly-luminous state during its 1994 outburst, similar
to the 2015 outburst of V404 Cyg (although the decay time-scales of
each flare were significantly longer in GRO J1655 — 40). However,
GRO J1655 — 40 reached a maximum 4.9 and 8.4 GHz linear polar-
ization fraction of 1-10 per cent with linearly polarized variability
as high as A f; ~ 4 per cent on time-scales less than half a day,
suggesting that weakly polarized emission is not an inherent aspect
of multiflaring outbursts (Hjellming & Rupen 1995; Hannikainen
et al. 2000).

4.1.2 Origin of temporally evolving linear polarization

A transition of the absorption conditions (e.g. from optically-thick
to optically-thin synchrotron emission) of a dominant polarized
component will result in a temporally evolving polarization fraction
(e.g. as seen in Swift J1745-26; Curran et al. 2014). During these
transitions, we expect the intrinsic EVPA to rotate by 90°. For
optically-thin synchrotron emission, the EVPA and the magnetic
field vector are perpendicular (Longair 2011), and for optically thick
synchrotron emission, the EVPA tracks the direction of the magnetic
field (see, Ginzburg & Syrovatskii 1969, and references therein). The
EVPA will thus rotate as the source transitions from 7 ~ 10 to 7 ~
0.5, where 7 is the optical depth; this takes about half the rise time-
scale of a vdL plasmoid (Aller 1970). We do not observe a ~90°
rotation of the intrinsic EVPA, at any time during our monitoring
(see Section 4.2). Moreover, we know that the light curves are a
superposition of multiple short-lived (S 1.5h) ejecta, and a compact
core, further reducing the plausibility of a single component origin
for each radio flare.

An ensemble of polarized components with evolving optical
depths can exhibit a more complex evolution. As an investigation,
we calculated the two-point spectral indexes for the 21/26 GHz and
5/7GHz VLA observations (see bottom panels of Fig. 1). We are
unable to disentangle the emission from the multiple unresolved
components (seen in the VLBA), and, as a result, we are measuring
the ‘net’ spectral index. Moreover, we are measuring a simulta-
neous spectral index, which may be less appropriate for rapidly
evolving ejecta. An optically thick ‘net’ spectral index (« > 0)
requires that a sub-population of the unresolved components are
optically thick (with the inverse being true for optically thin, «
< 0, spectral indexes). The spectral indexes show an evolution in
time, exhibiting multiple transitions of the absorption conditions,
consistent with an ensemble of evolving components, with both
optically thick and optically thin sub-populations. Intuitively, one
might expect that a negative ‘net’ spectral index measured would
correspond to a higher contribution of optically thin synchrotron
emission, and, as a result, a higher polarization fraction. The peak
polarization fraction does in fact coincide with a negative spectral
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Figure 3. 15.6 GHz VLBA light curve using the data from Miller-Jones et al. (2019). The open black circles represent the total integrated the flux density, the
solid black circles represent the core flux density, and all other marker types represent a single spatially-resolved component. We adopt the naming convention
from the original paper. The grey shaded region corresponds to the three time bins that encompass the 7 GHz fractional polarization peak; we shifted the region
back in time by 10 minutes to account for the delay between the bands (see Appendix A). We can see that at any point in time the total integrated (VLBA) flux
density is a superposition of multiple radio-bright (and potentially polarized) components that are unresolved in our VLA observations.

index; i.e. « ~ —0.2 and —0.5 in the 5/7 GHz and 21/26 GHz base-
bands, respectively (Fig. 1). Furthermore, the late time rise seen
in the 21/26 GHz base-bands (~14:00-14:30), also coincides with a
negative spectral index (o« ~ —1). However, at ~12:45 and 13:15 in
the 5/7 GHz and 21/26 GHz base-bands, we also have « ~ —0.3 and
—1. During these times the polarization fraction shows a (weak) peak
at 21 GHz, with marginal features at 5/7 GHz, and no evolution at
26 GHz (i.e. a ‘missing’ polarization peak). Therefore, we are unable
to conclusively connect the spectral index to the polarization fraction
evolution.

Comparing the short time-scale temporal evolution to the
15.6 GHz VLBA light curves (reproducing data from Miller-Jones
et al. 2019 as Fig. 3 of this paper), we do not see any clear
connection between the resolved components and the evolution of
the polarization fraction, and cannot distinguish between a polarized
core, polarized ejecta, or a combination of the two. However, the
‘missing’ polarization peak coincides with a period of time when the
S5 component clearly dominates the VLBA light curve. It is possible
that S5 was less polarized than the components that preceded and
followed its ejection. As a result, a complete explanation of the
polarization fraction evolution may require a combination of evolving
optical depths, and intrinsic differences between the different polar-
ized components launched at different times. Regarding a potential
intrinsic evolution, Brocksopp et al. (2007) expanded upon the shock-
in-jet picture outlined in Fender et al. (2004), suggesting that the
collisions between ejecta temporarily disorder the magnetic field
lines while producing shock fronts that propagate through the ejecta,
reestablishing a dominant field direction at later times. Shahbaz et al.
(2016) proposed a similar mechanism to explain the behaviour of
the polarized optical emission during V404 Cyg’s 2015 outburst. A

flare in the optical polarization fraction that preceded a 16 GHz radio
flare, was attributed to the compression of the jet’s magnetic field
by many small shocks travelling along the jet axis. The existence
of these shocks is consistent with the detection of sub-second
optical flares by Gandhi et al. (2016) during the same time period.
The polarization flare was attributed to ‘a major ejection event’
that followed optical flaring that began a couple of hours earlier;
i.e. a large outflow imprinted with the recently ordered magnetic
field.

In both of the scenarios proposed by Brocksopp et al. (2007)
and Shahbaz et al. (2016), the ordering of the magnetic field is
a result of multiple colliding components, and, as a result, the
time-scales separating collisions would have to be significantly
shorter than the precession period of the jet. This is a plausible
theory if the sub-second optical flaring is characteristic of the
collision time-scales. Any such model would also need to explain
the temporal offset between the Stokes / and polarization fraction
peaks.

4.2 Intrinsic electric vector position angle

In the first few days of the 1989 outburst, the EVPA evolved through
a~90° rotation at 4.9 and 8.4 GHz . This rotation coincided with the
transition from an optically-thin to optically-thick radio spectrum.
During the 2015 outburst the dominant feature of the intrinsic EVPA
evolution is a ~30° rotation that occurs alongside the decay of the
maximum polarization (bottom two panels, Fig. 2). This rotation
occurs across 6 time bins (80 min ) suggesting that a full 90° rotation
would take ~4 hr, a time-scale longer than the lifetimes of any of
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the dominant VLBA components (see Fig. 3). Under the assumption
that the contemporaneous peak in polarization fraction and rotation
of the EVPA arise from a shared mechanism, neither arise from a
transition in the absorption conditions of a single component, as was
likely observed in 1989.

The precession of the jet axis provides a natural mechanism to
explain the rotation of the EVPA. We investigated this possibility
by using the change in the position angles of the dominant ejecta
as a proxy for the precession of the jet axis. The position angles
also exhibited a ~30° rotation, albeit over a longer, ~ 2 hr, time-
scale. The ~30° rotation begins when the S2 component (PA ~1°)
is the dominant jet ejection observed by the VLBA (although the
core emission is brighter, see Fig. 3). In the simplest geometries,
compression shocks, or velocity-shearing establish dominant field
directions parallel or perpendicular to the jet flow’s direction of
motion (i.e. the PA; Laing 1980; Jorstad et al. 2007). The approx-
imate orthogonality (offset by ~ 10°) between the initial intrinsic
EVPA and the PA during the decay of the S2 component is
consistent with optically-thick (optically-thin) synchrotron emission
from a magnetic field established by compression shocks (velocity
shearing).

The rotation coincides with the emergence of a new, dominant
VLBA component (S3) at a position angle of —11.5° . If the rotation
from an intrinsic EVPA of 80° to 50° results from the S2-to-S3 tran-
sition, the larger obliquity (~30°) between the intrinsic EVPA and
the PA of S3 requires a more complex magnetic field origin (e.g. rem-
nants of helical fields; Gémez et al. 2008). Following S3 dominance,
S5 becomes the dominant ejection while maintaining a similar PA of
~13.5°. The similarity between the PAs of S3 and S5 is consistent
with the stability of the intrinsic EVPA at ~50° between 12:45 and
13:45 UTC, assuming similar intrinsic properties. Alternatively, the
S6 component has a smaller obliquity when compared to the late time
EVPA (~ 10°), and may be a better measure of the jet orientation, at
later times. However, since our observations are the superposition of
multiple overlapping components (including a bright, unresolved
compact core), there may be, in fact, no relationship between
the position angles of the resolved components and the intrinsic
EVPAs.

Variability in the EVPA without any change in the jet axis PA
(i.e. rotator events) has been observed in many AGN (see Saikia &
Salter 1988, and references therein), and a couple of BHXBs (e.g.
GRS 1915 + 105; Fender et al. 2002). These events are thought
to be the result of complex field geometries (e.g. helical magnetic
fields; Gémez et al. 2001) or internal shocks (e.g. Gémez et al.
2008) producing time-varying magnetic fields. Moreover, complex
shock fronts (e.g. conical shock waves) can produce magnetic field
orientations that are neither perpendicular nor parallel to the jet axis
(see Jorstad et al. 2007, and references therein).

Since the VLBA data did not acquire full polarimetric calibrations,
there is no spatially resolved polarimetry that explicitly localizes the
dominant polarized component. In the absence of such detections
and given the multiple scenarios suggested above, we can neither
definitively make connections between the VLBA/VLA observations
and the linear polarization properties, nor identify if the polarized
emission originates from an ejected component, a compact steady jet,
or a time-variable combination of the two. This limits the strength of
our claims towards the origin of the polarization and its connection
to the evolution of the Stokes I flux density. We note that due to the
reduced sensitivity of spatially-resolved data, without a significant
increase in the polarization fraction (as was observed in M87),
the VLBA would be unable to detect comparably low polarization
fractions, even after including the necessary calibrators.
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Figured4. Linear fitto the observed EVPAs during V404 Cyg’s 1989 outburst;
the data was adapted from Han & Hjellming 1992. To account for the wrapping
of the EVPA at large values of 2% we applied a —27 correction to the 1.49
GHz observation. We used scipy.optimize.curve_fit for our linear
fit.

4.3 Rotation measure

The rotation measure quantifies the amount of Faraday rotation
affecting a linearly polarized emission signal, and is related to the
internal properties of the plasma along the line of sight (i.e. its
Faraday screens). The RM is related to the electron number density,
n., the magnetic field oriented parallel to the line of sight (from the
source to the observer), By, and the path length [. Explicitly, the
rotation measure is described by the path integral,

observer
RM = [812 / n,_,BHdl} radm™2, &)
source
where n,, Bj, and d/ are in units of ecm™, uG, and kpc, respectively.
The sign of the rotation measure depends on the orientation of the
magnetic field; i.e. when the field lines are parallel (anti-parallel) to
the direction of emission propagation, the sign is positive (negative).
Moreover, for Galactic sources, the total rotation measure can have
significant contributions from both the diffuse interstellar medium
(ISM) and the local environment. Detecting a large local component
necessarily implies a high density, or strongly magnetic environment
to account for the reduced path length when compared to the ISM.
During the previous outburst in 1989, Han & Hjellming (1992)
measured a constant observed EVPA in four frequency bands
for the majority of the (~50days) polarization monitoring. The
weighted averages from these observations were; 3 +7°, —44 4+ 1°,
—16 £ 1°, and —18 = 2°, at central frequencies of 1.49, 4.9, 8.4,
and 14.9 GHz, respectively. The observed EVPAs are linear with
respect to A? (see Fig. 4), with a slope (i.e. rotation measure)
of —151 & 11radm~2. During the first ~2-3 days of polarization
detections, the EVPAs at 4.9 and 8.4 GHz exhibited a 90° rotation.
The two-point slope of these angles (39 +4° and —60 4 6° at 4.9
and 8.49 GHz, respectively) shows a consistent rotation measure of
—150 £ 50 rad m~2 . The matching rotation measures, even with a
changing EVPA, implies a constant Faraday screen. The magnitude,
orientation, and stability of the 1989 rotation measure is similar to our
RM measurement during the 2015 outburst (—100 £ 15 rad m=2);
however, the former is detected over much longer time-scales.
The rotation measures during the 1989 and 2015 outbursts are
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marginally consistent (at the ~2.7¢0 level). As a result, we are
unable to conclusively identify temporal variability of the rotation
measure (e.g. as was seen in the 1994 outburst of GRO J1655 — 40;
Hannikainen et al. 2000). Had we identified temporal variability, we
could rule out the scenario that both outbursts are behind a constant,
purely Galactic Faraday screen.

Multiple Galactic RM models predict a negative rotation measure
along the line of sight to (and beyond) V404 Cyg; —30 % 10 rad m~2
(Oppermann et al. 2012), —40 +20radm~2 (Oppermann et al.
2015), and —130 & 50rad m~2 (Hutschenreuter & EnfBlin 2020).
Assuming a constant Galactic magnetic field, the Galactic RM
would be dominated by distances well beyond the ~2.4 kpc distance
to V404 Cyg. For both standard models of electron distributions
(Cordes & Lazio 2003; Yao, Manchester & Wang 2017) the
PYGEDM tool (Price, Flynn & Deller 2021) indicates much larger
dispersion measures (which are proxies for the integrated electron
column density) at 10 kpc (269 £ 16 pc cm ~3) than at 2.4 kpc (32 &
4 pccm ~3). Thus, our measured value of & — 100rad m—2 suggests,
either an inversion (or multiple inversions) of the Galactic magnetic
field along our line of sight, or an intrinsic rotation measure
component local to the source. The morphology of the Galactic
magnetic field is poorly constrained, with different models predicting
radically different structures (see, Haverkorn 2015; Jaffe 2019). As an
example, the ‘zeroth’-order model by Van Eck et al. (2011) predicts a
parallel Galactic magnetic field within the first ~4 kpc along the line-
of-sight containing V404 Cyg, inverting to an antiparallel orientation
at larger distances and producing the net-negative rotation measure.
Conversely, the model by Jansson & Farrar (2012) predicts two
large-scale inversions along the line of sight of interest; an initial
antiparallel magnetic field (and a negative rotation measure at the
position of V404 Cyg), an inversion to a parallel orientation at
intermediate distances, followed by a second inversion back to an
anti-parallel orientation. However, using the standard approximation,
[B)|, avg| = IRM/(0.81DM))|, we can estimate a mean parallel magnetic
field magnitude of 3.8 £0.7 uG, which is larger than the total

(4/ Bﬁ + B?) Galactic magnetic field magnitudes predicted by both

Van Eck et al. (2011, ~ 0.1 uG) and Jansson & Farrar (2012,
~ 1.0 nG). Given our estimate for the mean parallel magnetic field
strength along the line of sight towards V404 Cyg, there exists three
physical explanations: (i) the mean electron number density is larger
than predicted by the standard dispersion models along this line of
sight; (i) the mean magnetic field strength within the ISM is stronger
than predicted by Galactic magnetic field models along this line of
sight; or (iii) there is a local Faraday screen that likely resides within
the jets themselves. Here we investigate the source of a (potential)
rotation measure component local to V404 Cyg.

A local rotation measure component is the result of either a
foreground Faraday screen (e.g. created by disk outflows) or a
rotation from within the emission regions themselves (e.g. the
compact core or jet ejecta). Mufioz-Darias et al. (2016) detected
a strong, continuous wind originating from the accretion disk.
Assuming that the wind creates a foreground Faraday screen with an
electron number density that follows an inverse-square scaling, n,
= ny(l/ly)~?, and a typical ISM magnetic field strength (B|~2 uG;
Haverkorn 2015), equation (5) simplifies to,

21 1 -2

RM = 1624 noly | — — radm -, (6)
lO max

where the wind-fed Faraday screen occupies the space between [

and /.« along our line of sight. We approximate [, ~ vAt ~ 8 AU
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using the measured wind velocity (v ~ 2000 km s~!; Mufioz-Darias
et al. 2016) and the time interval between the start of the outburst
and our observations (Ar ~ 7 days). We adopt the VLBA angular
resolution of 1 AU, as a conservative estimate of /, for compact
core emission. The jet ejections with well constrained inclination
angles are S2 (~40°), S3 (~30°), and S6 (~15°); all three ejecta
have an angular separation of ~ 0.5 milliarcseconds during their
flux density peaks (Miller-Jones et al. 2019). The distance to V404
Cyg is 2.39 kpc, and, therefore, [y ~ 2 — 5 AU for jet ejections. For
a wind-fed Faraday screen to produce our observed rotation mea-
sure ((RM| ~ 100rad m~2 ), we require ny ~ (6 — 15) x 10°cm™3.
Assuming a 50 percent ionized, isotropic, pure hydrogen out-
flow, launched at a distance of 6 x 10° km from the central black
hole, the wind mass loss rate would need to be M ~ (0.4 —2) x
107° M, yr ~!. Mufioz-Darias et al. (2016) estimated a wind mass
loss rate of > 107! Mg yr ~!, ~7 orders of magnitude smaller then
our calculations. The authors left the estimate as a lower limit because
the ionization fraction (oc M~') may be lower then the assumed
value of f; = 0.5, and the launching radius (cc M) may be larger then
their assumed value of R = 6 x 10° km. A seven order of magnitude
reduction in the ionization fraction would inhibit Faraday rotation,
as the outflow would become neutral. Furthermore, a seven order of
magnitude increase in the launching radius corresponds to an distance
of 4 x 10* AU, far exceeding the scale of the system. Therefore,
without a highly magnetized wind, or an extremely anisotropic
wind coupled with a favourable line of sight, disk winds forming
a foreground screen cannot be the origin of the observed rotation
measure.

For Faraday rotation internal to the emission environment we look
at the recent model of the compact jet from MAXI J1820 + 070 (see,
Zdziarski, Tetarenko & Sikora 2022, for a detailed description of the
model). The strength of the magnetic field, and the electron number
density scale according to the power-law relations, B = By& " and
n, = noé “y P, where y is the Lorentz factor of the synchrotron
emitting electrons, and & = io = (%)“1, where z is the position
along the jet axis. At z > z, the jet emits synchrotron radiation; this
leads to a break in the spectrum from optically thick to optically thin
at vg.

We adopt the following values used in the original paper: b =
1.1;a=22;p=2;,q=0.882; By ~ 10" uG, zo ~ 3 x 10 cm,
vy ~ 2.3 x 10*GHz, ny ~ 3 x 10" cm 3, and we adopt a value
of ¥ = 0.5 X (Vmin + Ymax) = 386.5. The model predicts B ~ 3 x
105 uG and n, ~ 2 x 10>cm 3 at v = 6 GHz. Letting, B = 0.5B,
and assuming a uniform Faraday screen, we would require a screen
thickness of dI ~ 3 x 107" kpc to account for the rotation measure.
To first-order, this is the same as the radius of the conical jet at
position z, R = zsin6, for the best fit opening angle 6 ~ 1.5°.
Considering, that the best fit orbital inclination angle is ~65°, it
is reasonable to assume the our line of sight looks partially down the
jet axis, and, as a result, d/ > R. Furthermore, The electron number
density could be substantially larger than expected from a typical
hard state compact jet if the jet entrains material from the disk winds.
Entrainment is a known source of internal Faraday depolarization in
AGN (e.g. Silpa et al. 2022), and jet-wind interactions have been
observed in the BHXB candidate SS 443 (Blundell & Hirst 2011).
Although we are unable to rule out that V404 Cyg has a magnetic
field oriented perpendicularly to the line of sight, or significantly
different jet parameters when compared to MAXI J1820 4- 070 (e.g.
a weaker magnetic field), to first-order, it is plausible that the jet itself
may act as a strong, local Faraday screen.
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5 SUMMARY AND CONCLUSIONS

In this paper, we present our analysis of the multifrequency (5,
7, 21, and 26 GHz), linear polarization radio data of the BHXB
V404 Cyg during its 2015 outburst. The majority of our results and
interpretations focused on the behaviour during the bright flaring
activity on 2015 June 22; however, we also included the upper limits
from six observations during the source’s return to quiescence. Using
two independent polarimetric methods we extracted the fractional
polarizations, observed/intrinsic EVPAs, and rotation measures from
the 2015 June 22 data. We tracked the evolution of the polarization
properties on time-scales ~13 min, constituting one of the shortest
time-scale polarimetric analyses of a BHXB to date.

By comparing our polarimetric results to the VLA Stokes I light
curves modelled by Tetarenko et al. (2017) and the simultaneous
VLBA observations by Miller-Jones et al. (2019), we infer the
following properties about the polarization evolution of V404 Cyg:

(i) V404 Cyg is weakly polarized, with a maximum polarization
fraction that increases with frequency; ~0.22, 0.25, 0.5, 0.75 per cent
for the 5, 7, 21, and 26 GHz base-bands, respectively. These maxima
are significantly smaller than typically observed in outbursting
BHXBs, suggestive of a complex local environment or complex
internal magnetic field structure.

(ii) The time-evolution of the linear polarization fraction shows a
frequency-dependent lag, with low frequencies lagging behind their
high frequency counterparts. This behaviour is characteristic of an
emission origin within dynamic components (e.g. expanding ejecta
or propagating shock fronts).

(iii) The maximum polarization fraction is offset from the Stokes
I flux density maxima. This suggests an offset between the processes
that maximize each quantity. A secondary peak in fractional polar-
ization at 21 GHz after the second flare in Stokes I and the increase
in polarization fraction towards the end of the 21/26 GHz base-band
observations provide further evidence of a temporal offset.

(iv) The decay of the (brightest) polarization fraction peak co-
incides with a rotation of the intrinsic EVPA. We are unable to
conclusively determine if the origin of this feature is the result of an
internal change within the polarized components or the emergence
(and decay) of polarized components with different magnetic field
structures.

(v) The derived rotation measures show stability in time with an
average value of ~—100rad m~2 . We investigated the potential of a
strong local component, and although we found it plausible, we are
unable to conclusively rule out a purely Galactic rotation measure.

Overall, our results emphasize the complexity of local (magnetic)
environments during highly energetic outbursts. Although we are
confident that the observed behaviour cannot be ascribed to the
simplest interpretation and models (e.g. intrinsic EVPA swings from
changes in the absorption conditions of single components), the
limitations of our observations inhibited us from making strong
claims about the origin of the polarized emission. These limitations
emphasize the importance of spatial resolution during polarimetry,
which would enable the identification of the primary source of the
polarized emission in multicomponent outbursts. X-ray polarimetric
observations of black hole X-ray binaries (like those recently done
for the black hole X-ray binary Cygnus X-1; Krawczynski et al.
2022) probe the accretion disk, corona and perhaps some component
from the synchrotron tail of a jet. For the radio-brightest X-ray binary
outbursts, there is strong potential to combine such observations with
radio through sub-mm polarimetric observations to track temporally
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evolving polarization properties across the electromagnetic spec-
trum. However, we note that, like the VLA observations performed
here that did not have the angular resolution needed to separate polar-
ization properties from different ejecta, one must carefully consider
how the polarization properties from different components will aver-
age when making interpretations. If the next ~1 Jy scale outburst of a
BHXB is observed with adequate spatial resolution, full polarization
coverage, and sufficient sensitivity, such observations have the poten-
tial to provide invaluable insight into the magnetic fields that drive
accretion-powered jet ejections, emission, and evolution. The new
generation of interferometers like the next-generation VLA, the next-
generation EHT, and the Square Kilometre Array, will combine high
sensitivity and good spatial resolution into a single instrument, mak-
ing spatially resolved polarimetry a realistic goal for future, bright
outbursts.
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APPENDIX A: STOKES I LIGHT CURVES AND
TEMPORAL DELAYS

The Stokes I flux density light curves for all four base-bands share
a common ‘three-flare’ morphology (see Fig. Al), where each
flare is composed of multiple unresolved (by the VLA) jet ejecta
(Tetarenko et al. 2017; Miller-Jones et al. 2019). The temporal
delays and longer rise/decay times for the lower frequency flares are
consistent with the expected behaviour of expanding vdL bubbles.
Considering a single vdl ejection, the flaring results from an evolving
optical depth; the peak flux density occurs near the transition from
optically thick to optically thin emission, and the peak occurs at
earlier times for higher frequencies (van der Laan 1966). Therefore,
broadband observations will mix optically thick (low frequency)
and optically thin (high frequency) emission. Optically thick and
thin emission are orthogonally polarized, and thus their summation
causes a (potentially significant) depolarization effect. To quantify
this effect, we measured the delays between flux density peaks (for
each of the three flares) from the cross-correlation function (CCF) of
the high time resolution (per-spectral window) light curves. Each
CCF was generated using the z-transformed discrete correlation
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Figure Al. High time resolution Stokes I light curves for our observing base-bands. In each base-band, we have separately plotted the flux densities of the
eight spectral windows. The key features are the three major flares, with the final flare having a twin-peaked structure in the 21/26 GHz base-bands. The lower
frequency emission is temporally delayed, peaks at lower flux densities, and has broader flares. These properties are consistent with both vdL ejecta and a

shock-in-jet event scenario.
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function (ZDCF) techniques of Alexander (1997).> We measured
delays between flares of ~30-60 min (~2-4x the imaging window)
and ~7-15min (~0.5-1x the imaging window) comparing the
5-26 GHz and 5-7 GHzbase-band light curves, respectively. The
earliest flare exhibited the smallest delays between bands. For the
polarization fraction, the small number of time bins inhibited a
similar use of the ZDCF algorithm. However, looking at Fig. 1,
the delays between the polarization fraction peaks are ~2 imaging
windows (~30min ) and S 1 imaging window (<15 min ), for the 5—
26 GHz and 5-7 GHz delays, consistent with the Stokes I behaviour.
The 5-26 GHz delays are an appreciable fraction of the lifetime of
a single ejection (< 90 min ), and, therefore, the full bandwidth (5—
26 GHz) may have a non-negligible fraction of orthogonal emission,
even when considering isolated ejecta.

The situation becomes considerably more complicated when
considering the multi-ejecta flares, ejecta collision, and jet precession
(as seen in the 2015 outburst of V404 Cyg). Moreover, we note
that modelled ejecta exhibit different delays between frequencies
(largely due to differences in ejecta expansion velocities). As such,
the dominant ejection (in a particular flare) depends on the observing
frequency, thereby introducing another frequency-dependent effect
on the observed EVPA. While critical, the VLBA observations only
provide a snapshot at one frequency. Due to the large temporal
separations, we choose to omit the simultaneous linear polarization
data from the 21 and 26 GHz base-bands when extracting EVPAs and
rotation measures. This is why we only consider the simultaneous
linear polarization data from the 5 and 7 GHz base-bands in Sec-
tions 3.2, 4.2, and 4.3. We intend to apply temporal corrections to
future (broad-band) outbursts with single (or temporally isolated)
ejecta as an investigation into the effects these delays have on
polarization measurements.

APPENDIX B: CALIBRATOR MODEL

For Stokes I calibration, CASA includes a repository of spatially
resolved model images for many standard calibrators. Our flux
calibrator, 3C48, is included in this repository. Each model image
describes the flux density distribution at a single, band-dependant,
reference frequency (e.g. vr = 4.8601 GHz for the 4-8 GHz band).
During calibration, the model is mapped onto the remaining spectral
channels assuming the total flux density follows the flux density
scaling relationships of Perley & Butler (2017). It is assumed that
the spatial distribution of the relative flux densities remains constant
across a band; i.e. for an arbitrary spectral channel with a central
frequency v, the ratio between the total integrated flux, /,, and the
flux of pixel i, I; ,, is independent of frequency, and thus identical
to the ratio at the reference frequency (/;,/1, = 1I; /1) This
procedure results in a spatially resolved Stokes I model for every
spectral channel.

SFORTRAN code available at http://www.weizmann.ac.il/particle/tal/resear
ch-activities/software.
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Table B1. The third-order polynomial fits for Stokes /, the polarization
fraction spectra, and the intrinsic EVPA of 3C48. The 7, values are taken
from Perley & Butler (2017).

Quantity Band ap ap a as
I, 5/7 GHz 1.3253 —0.7553 —0.1914 0.0498
21/26 GHz 1.3253 —0.7553 —0.1914 0.0498
f 5/7 GHz —1.5775 —1.6671 47686 —2.8181
21/26 GHz 1.5927 —8.9992 8.5932 —2.5275

Quantity Band bo by by b3
X 5/7 GHz —3.7987 1.1141  —0.1602 0.0078
5/7 GHz 0.9939 —0.2480 0.0092 —0.0001

For our Stokes Q and U calibration, we adopted a similar approach
to the default Stokes I prescription. We assumed that the spatial
distribution of the linearly polarized flux densities is independent of
frequency and that it has the same spatial distribution as the Stokes I
repository images. For each spectral channel with a central frequency
of v, we calculated the total Stokes Q and U flux densities according
to the following relationships,

Qu = Il)fl) COS(2XU)a (B1)

Uy =1, fysin(2x,), (B2)

where f, is the linear polarization fraction, and yx, is the observed
EVPA. We mapped the total flux densities onto each pixel by
assuming that U;,/U, = Q;,/Qy = i v/l Our final model
consisted of a spatially resolved Stokes I, Q, and U image (assuming
no circular polarization; i.e. Stokes V = 0) for each spectral channel.
We then applied the model to our data using the native CASA task ft.

In equation (B1) and (B2), /, was calculated according to Perley &
Butler (2017). For f,, and x,, we fit the data presented in Perley &
Butler (2013), such that the linear polarization fraction obeys a third-
order log-log polynomial,

3

log(fo) =Y _ alog (veu,)" , (B3)
n=0

and the observed EVPAs obey a standard third-order polynomial

(with frequency),

3
Xo = _ by (vou)": (B4)
n=0

where vgy, is the observing frequency (in GHz). We decided to fit
the polarization fraction with a third-order polynomial in log-space
to remain consistent with the /, fits in Perley & Butler (2017), and x
in linear-space to allow for negative EVPAs. We fit the polarization
properties separately for the 5/7 GHzand 21/26 GHz bands, rather
than a single fit as performed by Perley & Butler (2017), following
extensive discussions with NRAO staff (F. Schinzel priv. comm.).
Table B1 contains the third-order polynomial fit for the polarization
calibrator model and Fig. B1 plots the fit over the Perley & Butler
(2013) observations of 3C48.
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Figure B1. Polarization fraction spectra for 3C48; left: 5/7 GHz base-bands and right: 21/26 GHz base-bands. The shaded regions highlight the range of
frequencies spanned by each observing band. The solid black points are the data from Perley & Butler (2013), and the black line is our polynomial fit. The
logarithmic term in equation (3) is exactly equal to the equivalent frequency in GHz.

APPENDIX C: PHASE CALIBRATOR
POLARIMETRIC EVOLUTION

Given the low linear polarization fractions we detected in our V404
Cyg observations, we checked the relative stability of our polarization
calibrations on short time-scales to ensure that the variability we
observed is the result of intrinsic variations and not systematic
calibration effects. Therefore, we performed our full polarimetric
analysis on the phase calibrator (J2025 + 3343), grouping scans
within the same bins as used for V404 Cyg when making images.
Fig. C2 shows the temporal evolution of the residual rotation
measure and residual observed EVPA for both V404 Cyg and
J2025 4 3343. Here, we define the residual as the difference
between the individual time bins, and the weighted average over
all time bins. Visually, J2025 4 3343 shows both a stable rotation
measure (RM ~ —750rad m~?2) and observed EVPA (x,, ~ —35°).
Applying the same x? test as discussed in Section 3.2, neither the
rotation measure (x> = 27.1/12) nor the observed EVPA (x? =
2508.3/12) is consistent with a constant value. However, the linear
polarization detections of J2025 + 3343 have a much higher signal-
to-noise ratio (S/N > 200), and, as a result, we have likely reached a
systematic threshold. As such, we believe we are underestimating the
errors using an unrestricted S/N scaling (i.e. as S/N — o0, o, — 0).

MNRAS 521, 185-207 (2023)

The x, standard deviation for J2025 + 3343 is ~ 1.4°, which is
equal to the smallest y,, error for V404 Cyg (~1.4°) and ~1/2 of
our median error (~2.6° ). Since V404 Cyg exhibits a ~ 30° rotation,
the systematic variability cannot be the cause of the observed
evolution.

Fig. C2 compares the temporal evolution of the linear polarization
fraction, defining the ‘residual’ in the same manner as in Fig. C1.
The evolution of J2025 + 3343 does not track the simultaneous
evolution of V404 Cyg. The multiband ‘jumps’, at ~12:00 and
~13:45 UTC, correspond to a change of sub-arrays (marked by the
vertical dotted lines). It is unsurprising to see some discontinuity
between the two sub-arrays as each sub-array will have (slightly)
different uv-coverage, a unique reference antenna, and, as a result,
different calibration solutions. We note: (i) the bin-by-bin variability
of J2025 4 3343 within a sub-array is significantly smaller than the
jumps; and (ii) although obvious in J2025 + 3343, we do not observe
similar jumps in our V404 Cyg data — instead, the most significant
evolution occurs absent a change of sub-array; (iii) In all four base-
bands, the variability of V404 Cyg is larger than J2025 + 3343;
(iv) V404 Cyg shows a common temporal evolution across base-
bands, that is absent in the J2025 + 3343 data. Therefore, we are
confident that the polarized detections of V404 Cyg are dominated
by an intrinsic, physical evolution.
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Figure C1. Temporal evolution of the residual rotation measure (top), and observed EVPA (bottom). The red, dashed line represents the phase calibrator
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J2025 + 3343, and the black, solid line, V404Cyg. The observed EVPA of V404 Cyg exhibits a clear evolution that is absent in J2025 + 3343.
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Figure C2. Temporal evolution of the linear polarization fraction residuals; 26 GHz (top), 21 GHz (2nd from the top), 7 GHz (3rd from the top), 5 GHz (bottom).
The red, dashed line represents the phase calibrator J2025 + 3343, and the black, solid line, V404 Cyg. The vertical dashed lines highlight the times when the
observing band switched from one sub-array to another; the jumps are the result of this transition. We can see that the linear polarization fraction evolution of
J2025 + 3343 does not track V404 Cyg, and shows smaller amplitude variability in all base-bands.
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APPENDIX D: SAMPLE IMAGES frequency ranges the properties of the non-detections may change
(e.g. Stokes Q is detected but Stokes U is not). As a result, we chose

Fig. D1 shows a sample set of P, Q, U images at both 5 and 7 GHz. to extract the Stokes Q and U flux densities using forced aperture

For this example, despite the clear detection in P (top row), we are

. . . hotometry.
unable to detect the source in the Stokes Q images (middle row). P Y
Due to the intrinsic variability of the source, in other time bins and
5 GHz 7 GHz
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Figure D1. Sample images of the 12:09 time bin for both the 5 GHz (left) and 7 GHz (right) base-bands. (top) MFS images (i.e. ~ 1 GHz bandwidths) of the
linear polarization intensity (P = / Q2 + U?). (middle) Fine spectral resolution Stokes Q images. (bottom) Fine spectral resolution Stokes U images. The
contours show the 3, 4, and 5o levels, and the color bars are in units of mJy/beam. The example images at fine spectral resolution have central frequencies of
5.209 GHz and 7.545 GHz with bandwidths of 16 MHz and 64 MHz for the 5 and 7 GHz base-bands, respectively. Stokes Q and U are not positive definite, and,
as a result, either may appear as non-detections regardless of the strength of the detection in P. In this example, the source is not detected in Stokes Q despite its
detections in both P and Stokes U. This behaviour motivated our use of forced aperture photometry.
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APPENDIX E: DATA TABLES the EVPAs and rotation measures derived from both polarimetric

The following tables summarize the key observations: Table El routines.

contains the polarization fraction observations; and Table E2 contains

Table E1. A summary of observations from the base-band integrated polarization fraction images for each base-band; t,, is each time bin’s central UTC
time during the 22 June 2015 observations. Sig corresponds to the probability that the detection is intrinsic to the source, and is not a calibration artifact (i.e.
the significance level as defined in the text). See Section 2 for definitions of the remaining parameters.

5GHz 7GHz
e HHMM) L (mly)  Poo(mly)  fu(%) S0 Sig(%)  L(mly)  Pio(mly) £ (%) = Sig(%)
11:15 305.34+0.2 0.244£0.03 0.08040.010 7.6 83 2755+£04  055+0.03  0.199£0.012 16.4 >99
11:29 363.3+£0.2 0.364+0.03 0.09940.009 10.6 94 360.6+0.3 0.78+£0.04  0.217£0.012 18.6 >99
11:42 387.54+0.1 0.824+0.04 0.21240.009 225 >99 381.1+£0.2  0.93+0.04 0.245+£0.011 23.3 >99
11:54 379.4+0.1 0.794£0.03  0.208 40.009 22.6 >99 368.84+0.2  0.86+0.04 0.233£0.012 19.8 >99
12:09 425.7+04 0.85+0.05 0.200£0.011 18.3 >99 482.8+0.8 0.83+£0.05 0.172+£0.011 16.3 >99
12:21 527.34£0.5 0924£0.05 0.17440.009 18.5 >99 634.440.7 1.024+0.06  0.161£0.010 15.8 >99
12:33 621.74+0.5 0.814£0.05 0.13140.009 14.8 95 73224£0.5 0.86£0.07 0.118£0.010 12.3 92
12:45 663.3+02 0.734£0.05 0.11040.008 13.3 88 709.7+£0.6  0.80+£0.07  0.113£0.009 12.0 90
12:57 637.6+£0.3 0.61£0.06 0.096£0.009 10.6 80 620.8+£0.6  0.66+0.06  0.106 £0.009 11.3 87
13:11 592.64+0.3 0.614£0.05 0.10340.008 12.2 84 5482404  0.58+0.05  0.106 £0.009 11.5 87
13:25 54274+0.3 0.604£0.05 0.11140.009 12.5 88 511.9+£0.2  0.574£0.04  0.111£0.009 12.8 89
13:39 51414£02 0444005 0.08640.009 9.3 73 5192402  0.494+0.05  0.095£0.009 10.4 80
13:53 504.0+£0.2 0.394£0.04 0.076£0.009 8.9 81 569.94+0.5 0.44£0.06  0.077£0.010 7.7 79
14:07 53834+02 0.374£0.04 0.06940.007 9.2 73 650.7+£04  035+0.06  0.054£0.009 5.7 54
14:20 587.54+04 0.344+0.04 0.05740.008 7.5 60 727.7+£04  0.424+0.07  0.058£0.010 5.9 60
14:32 630.84+0.2 0.354£0.05 0.05640.008 7.0 58 711.4+0.6  051+£0.07 0.072£0.010 7.3 75
21 GHz 26 GHz

o HEMM)  L(mly)  Poo(mly)  fi(%) 52 Sig(%)  Lmly)  Pomly)  fi(%) s Sig(%)
11:15 516.84+0.9 2.01£0.10 0.38840.020 19.4 96 6043+1.0 4.09+0.21  0.677£0.035 19.2 >99
11:29 498.1+£1.0 2.41+0.10 0.484+£0.019 25.2 >99 482415 3.61£0.20 0.748+£0.042 17.8 >99
11:42 457.0+£0.8 1.43+£0.09 0.313£0.020 15.8 88 510.6+1.8 1.844+0.23  0.360+0.046 7.8 80
11:54 7493+£2.0 2.05+0.14 0.274+£0.018 15.1 80 928.3%25 2284+040  0.24640.043 5.7 53
12:09 1249.04+0.8 3.61+£0.19 0.289+£0.016 18.5 88 1386.3+1.0 3.26£041  0.23540.029 8.0 61
12:21 11622+1.4 2.64£0.18 0.228+£0.015 14.7 73 11947+£2.1  3.00£0.39  0.25140.032 7.8 65
12:33 859.9+1.8 1.26%£0.15 0.1474+0.017 8.5 42 781.7+2.1 2234024  0.286+0.031 9.4 75
12:45 572.54+0.8 1.11£0.11  0.19540.020 9.9 61 485.1+0.7 1.434+0.15  0.29440.032 9.3 71
12:57 468.3+£0.5 1.31+£0.12 0.279+£0.025 11.4 86 409.7+0.3 1.37+0.14  0.334+£0.035 9.5 85
13:11 501.1+£1.0 1.15%£0.11 0.22940.021 10.9 73 5344+19 1.624+0.18  0.303+0.034 9.0 79
13:25 851.7+2.1 1.65+£0.18 0.19440.021 9.2 61 1075.14+£2.8 327£039  0.304£0.037 8.3 79
13:39 12239415 2.11£028 0.173£0.023 7.7 53 14623+£09 5.084+0.58  0.347+0.040 8.8 87
13:53 1231.94+£0.6 2.74£022 0.222£0.018 12.3 66 122894+0.8 3.80£045 0.3164+0.036 8.7 71
14:07 1259.3+£0.6 3.20£0.22 0.254£0.017 14.5 75 12489+13 4594044  0.368+0.035 10.5 81
14:20 1021.5+£2.6 3.04£020 0.298+£0.019 15.5 86 913.5+3.0 3934£0.36  0.431+0.039 10.9 90
14:32 568.64+2.0 2.05+0.15 0.36140.027 13.6 94 469.2+1.9 2464+0.22  0.52440.048 11.0 97
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Table E2. A summary of the RM synthesis and MCMC results, and 7., adopts the same definition as used in Table El. In this
chart we’ve defined the S/N as the amplitude of the FDF component over the rms error across the FDF; any component with
a S/N > 5 was recorded, but only one time bin (at 11:29 UTC) had a secondary. The lone secondary component had a similar
magnitude (|RM|~ 2300rad m~2) as the systematic errors discussed in Section 3.2. We do not believe this to be a real signal and
have omitted this component from the table. Note that the two components with the most significant deviations from the weighted
mean (~ — 100 rad m~2) are also the lowest S/N detections (S/N~ 6).

RM Synthesis MCMC
tor (HH:MM)  RM (rad m~2) Xw (°) x0(°) SIN RM (rad m~2) Xw (%) X0 (°)
11:15 —3307110 6274 7613 6.8 —3287% 6313 7743
11:29 -79730 6213 764 8.3 —35T% 6413 7815
11:42 —122% 5911 7343 20.2 12713 617} 7513
11:54 92749 521 66" 19.7 —110749 5312 6713
12:09 7570 4613 6113 17.5 ~7013% 4513 5913
12:21 11573 43+2 5843 16.8 —91+40 4142 5613
12:33 —122760 3812 5213 119 —10073) 3672 5013
12:45 —9111% 3613 5013 10.9 -10773) 3613 5013
12:57 —671%0 3613 5015 9.2 —4613% 3813 5243
13:11 —4817%0 3813 53+ 10.4 95130 40+3 5443
13:25 —20t%0 3713 5113 11.0 -76739 3913 53+
13:39 52750 3613 5015 8.2 -80739 3913 5313
13:53 -315013% 4313 5743 6.0 101780 3778 51t
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