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ABSTRACT

We present multifrequency monitoring observations of the black hole X-ray binary V404 Cygni
throughout its 2015 June outburst. Our data set includes radio and mm/sub-mm photometry,
taken with the Karl G. Jansky Very Large Array, Arc-Minute MicroKelvin Imager Large Array,
Sub-millimeter Array, James Clerk Maxwell Telescope, and the Northern Extended Millimetre
Array, combined with publicly available infrared, optical, UV, and X-ray measurements. With
these data, we report detailed diagnostics of the spectral and variability properties of the
jet emission observed during different stages of this outburst. These diagnostics show that
emission from discrete jet ejecta dominated the jet emission during the brightest stages of
the outburst. We find that the ejecta became fainter, slower, less frequent, and less energetic,
before the emission transitioned (over 1-2 d) to being dominated by a compact jet, as the
outburst decayed towards quiescence. While the broad-band spectrum of this compact jet
showed very little evolution throughout the outburst decay (with the optically thick to thin
synchrotron jet spectral break residing in the near-infrared/optical bands; ~2—5 x 10'* Hz), the
emission still remained intermittently variable at mm/sub-mm frequencies. Additionally, we
present a comparison between the radio jet emission throughout the 2015 and previous 1989
outbursts, confirming that the radio emission in the 2015 outburst decayed significantly faster
than in 1989. Lastly, we detail our sub-mm observations taken during the 2015 December
mini-outburst of V404 Cygni, which demonstrate that, similar to the main outburst, the source
was likely launching jet ejecta during this short period of renewed activity.

Key words: black hole physics —stars: individual (V404 Cygni, GS 2023+338) —ISM: jets
and outflows —radio continuum: stars —submillimetre: stars — X-rays: binaries.
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1 INTRODUCTION

Black hole X-ray binaries (BHXBs) contain a stellar mass black
hole accreting matter from a companion star, where a portion of
the accreted material can be transported back outwards in the form
of a relativistic jet. These systems are typically transient in nature,
evolving from periods of inactivity into a bright out-bursting state
lasting days to months. BHXB jet emission can span many decades
in frequency, and during these outbursts, the intensity, morphology,
spectral, and temporal properties of the jet emission are known to
vary with accretion state (Fender, Belloni & Gallo 2004; Belloni
2010).

In quiescence and the hard accretion state, there exists a steady,
compact synchrotron-emitting jet, which primarily emits at radio,
sub-mm, and optical/infrared (OIR) frequencies (Fender 2001; Cor-
bel & Fender 2002; Gallo, Fender & Hynes 2005; Russell et al.
2006, 2013b; Chaty, Dubus & Raichoor 2011; Plotkin, Gallo &
Jonker 2013; Plotkin et al. 2015, 2016; Tetarenko et al. 2015a).
This compact jet displays a characteristic flat to slightly inverted
broad-band spectrum (@ > 0, f, o v*; Blandford & Koénigl 1979;
Falcke & Biermann 1995; Fender 2001) extending up to OIR fre-
quencies (Corbel & Fender 2002; Casella et al. 2010; Chaty et al.
2011), where it breaks to an optically thin spectrum (o ~ —0.7; Rus-
sell et al. 2013a). The location of the spectral break marks the most
compact region of the jet, where particles are first accelerated to
high energies (Markoff, Falcke & Fender 2001; Markoff, Nowak &
Wilms 2005; Chaty et al. 2011), and has only been directly observed
in a few BHXBs (Vyreax ~ 10''7# Hz; e.g. Russell et al. 2013a,b).

As the system evolves through the rising hard state, where the
X-ray luminosity (and, in turn the mass accretion rate) increases,
the compact jet spectrum also evolves. In particular, the location of
the spectral break has been observed to shift to lower frequencies
(towards the radio regime), as the source transitions into a softer
accretion state (van der Horst et al. 2013; Russell et al. 2014).
This spectral evolution cannot be driven solely by optical depth
effects, which predict an opposite scaling for the spectral break
frequency (Vpreax 0¢ M?/3; Falcke & Biermann 1995). Alternatively,
recent work (Koljonen et al. 2015), which shows a correlation be-
tween the location of the spectral break and the photon index of the
X-ray spectrum, suggests that the particle acceleration properties
within jets (traced by the flux density and frequency of the spectral
break) may instead be connected to the properties of the plasma
close to the black hole.

During the transition between the hard and soft accretion states,
the jet emission can switch from being dominated by a compact jet to
arising from discrete jet ejections (e.g. Mirabel & Rodriguez 1994;
Hjellming & Rupen 1995; Kuulkers et al. 1999; Corbel et al. 2002;
Miller-Jones et al. 2012; Brocksopp et al. 2013; Tetarenko et al.
2017). These ejecta have an optically thin spectrum (o < 0) above
the self-absorption/free—free absorption turnover frequency (Miller-
Jones et al. 2004), display highly variable emission, and their ex-
pansion/bulk motion can be resolved and tracked with Very Long
Baseline Interferometry (VLBI; e.g. Hjellming & Rupen 1995; Tin-
gay et al. 1995; Miller-Jones et al. 2004). Once the source reaches
the soft state, jet emission is believed to be quenched altogether (or
faint enough to be below the detection thresholds of current instru-
ments; Fender et al. 1999; Corbel et al. 2001; Coriat et al. 2011;
Russell et al. 2011; Rushton et al. 2016), with any residual radio
emission usually attributed to an interaction between the jet ejecta
and the surrounding medium (e.g. Corbel et al. 2004).

By tracking spectral, temporal, and morphological changes in
the jet emission over an outburst, physical conditions in the jet can
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be linked to the properties of the accretion flow (probed at X-ray
frequencies), potentially revealing which accretion flow properties
govern the launching, evolution, and quenching of jets (Russell et al.
2013b, 2014, 2015). Therefore, multifrequency studies of these jets
during outburst, which track jet emission properties at different
physical scales along the jet axis, are essential in understanding the
mechanisms that govern BHXB jet behaviour. Within the BHXB
population, V404 Cygni (aka GS 2023 + 338; hereafter referred to
as V404 Cyg) is an optimal candidate for multifrequency jet studies
due to its proximity (2.39 & 0.14 kpc; Miller-Jones et al. 2009), low
extinction [E(B — V) = 1.3; Casares et al. 1993], and high X-ray
luminosity levels in outburst (Ly ~ 1 x 10%* ergs~!; Motta et al.
2017b) and quiescence (Ly ~ 1 x 1033 ergs~!; Corbel, Kording &
Kaaret 2008).

V404 Cyg was first discovered in outburst in 1989 (Makino 1989),
after which it remained in a low-luminosity quiescent state for
~26 yr. During this prolonged quiescent state, V404 Cyg displayed
a spectrum that was measured to be flat across the radio band (o =
—0.05 £+ 0.15, where f, o« v* and v = 1.4-8.4 GHz), likely ex-
tending up to IR frequencies, where it breaks to an optically thin
spectrum (o < 0; Hynes et al. 2009). This radio spectrum is con-
sistent with originating from a partially self-absorbed synchrotron
jet (Blandford & Konigl 1979). While optical and UV emissions in
the quiescent spectrum of V404 Cyg are well described by black-
body emission from the known KOIV companion star, Muno &
Mauerhan (2006) report a mid-IR (4.5 and 8 pm) excess above the
level expected from the companion star. This mid-IR excess could
originate from the accretion disc (Muno & Mauerhan 2006; Hynes
et al. 2009), the compact jet (Gallo et al. 2007), or a combination of
the two. The average radio flux density of the jet in quiescence is
~0.3 mJy (Gallo, Fender & Pooley 2003a), although the emission
is known to be highly variable (Hynes et al. 2009; Plotkin et al. in
preparation), reaching up to ~1.5 mJy (Hjellming et al. 2000). The
quiescent jet of V404 Cyg is unresolved with the global VLBI array,
but Miller-Jones et al. (2009) placed an upper limit on the compact
jet size scale of <1.4 au at 22 GHz.

During its discovery outburst in 1989, V404 Cyg displayed bright
X-ray flaring activity. This highly variable emission was found to
not always be intrinsic to the source, but at times be caused by large
changes in column density, where the accretion flow became ob-
scured (Terada et al. 1994; Oosterbroek et al. 1997; Zycki, Done &
Smith 1999b). V404 Cyg displayed a variety of radio behaviour
during this outburst (Han & Hjellming 1992), where the radio spec-
trum evolved from steep (¢ < 0) to inverted (¢ > 0) in a matter
of days. Further, significant radio flux variability on time-scales as
short as tens of minutes was observed, and there were hints of cou-
pled radio, optical, and X-ray emissions. However, the instruments
available during this 1989 outburst did not have the capabilities to
perform the simultaneous, multifrequency, time-resolved observa-
tions needed to fully understand this rapidly evolving jet source.

In 2015 June, V404 Cyg entered a new outburst (Barthelmy et al.
2015; Negoro et al. 2015; Kuulkers et al. 2015; Bernardini et al.
2016), providing a unique opportunity to study the evolving jet
with observational coverage that was not possible during the 1989
outburst. During this new outburst, V404 Cyg exhibited bright mul-
tifrequency variability, in the form of large-amplitude flaring events
(e.g. Ferrigno et al. 2015; Gandhi et al. 2015; Gazeas et al. 2015;
Mooley et al. 2015; Motta et al. 2015a,b; Tetarenko et al. 2015b,c),
for a ~2 week period, before the flaring activity ceased at all wave-
lengths, and the source began to decay (Sivakoff et al. 2015a,b;
Plotkin et al. 2017a) back towards quiescence. Additionally, in late
2015 December V404 Cyg entered a short mini-outburst period,
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during which it displayed renewed flaring activity (e.g. Beardmore,
Page & Kuulkers 2015; Lipunov et al. 2015; Malyshev et al. 2015;
Trushkin, Nizhelskij & Tsybulev 2015; Motta et al. 2016; Tetarenko
et al. 2016; Muifioz-Darias et al. 2017; Kajava et al. 2018).

In this paper, we present multifrequency monitoring of V404
Cyg during this 2015 outburst, including radio and mm/sub-mm
photometry, combined with publicly available OIR, UV, and X-
ray measurements. Radio frequency data were taken with NSF’s
Karl G. Jansky Very Large Array (VLA) and the Arc-Minute Mi-
croKelvin Imager Large Array (AMI-LA), while the mm/sub-mm
frequency data were taken with the Sub-millimeter Array (SMA),
the Sub-millimetre Common User Bolometric Array-2 instrument
on the James Clerk Maxwell Telescope (JCMT SCUBA-2), and the
Institute de Radioastronomie Millimétrique’s Northern Extended
Millimetre Array IRAM NOEMA). Our observations span a time
period from hours after the initial X-ray detection of the outburst,
until late in its decay back towards quiescence. While our team’s
earlier work (Tetarenko et al. 2017) probed the jet emission during
a portion of the brightest flaring period (on 2015 June 22) of the
outburst, this work aims to track the spectral and temporal changes
in the jet emission as the system transitioned away from the flar-
ing state and began to decay back into quiescence. In Section 2,
we describe the data collection and data reduction processes. In
Section 3, we present multifrequency light curves and broad-band
spectra. In Section 4, we use this series of observations to discuss
the jet properties in V404 Cyg, as well as draw comparisons to the
previous 1989 outburst, and the December 2015 mini-outburst. A
summary of our work is presented in Section 5.

2 OBSERVATIONS AND DATA ANALYSIS

2.1 VLA radio frequency observations

We observed V404 Cyg with the VLA (project codes 15A-504 and
15A-509) from 2015 July 02 to July 12 (MJD 57205-57215) in the
L (1-2GHz), C (4-8 GHz), Ku (12-18 GHz), and K (18-26 GHz)
bands. The array was in its most extended A-configuration for all
observations, where we split the array into two or three sub-arrays
to obtain strictly simultaneous observations across multiple bands.
All observations were made with the 8-bit samplers, generating
two base-bands, each with eight spectral windows of 64 2-MHz
channels, giving a total bandwidth of 1.024 GHz per base-band (see
Table Al for a summary of the array set-up of all the observations).
Flagging, calibration, and imaging (with natural weighting chosen
to maximize sensitivity) of the data were carried out within the
Common Astronomy Software Application package (CASA v4.3.1;
McMullin et al. 2007) using standard procedures outlined in the
CASA Guides' for VLA data reduction (i.e. a priori flagging, setting
the flux density scale, initial phase calibration, solving for antenna-
based delays, bandpass calibration, gain calibration, scaling the
amplitude gains, and final target flagging). We used J2025+-3343 as
a phase calibrator for all epochs, and 3C 48 (0137 4 331) as a flux
calibrator in all epochs but July 11 (MJD 57214), where 3C 147
(0542 + 498) was used. When imaging the lower-frequency bands
(1-2 and 4-8 GHz), we placed outlier fields on other bright sources
within the primary beam to ensure that their side-lobes did not affect
our flux density measurement of V404 Cyg. Flux densities of the
source were measured by fitting a point source in the image plane
(using the imfit task) and, as is standard for VLA L/C/Ku/K band

Uhttps://casaguides.nrao.edu
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data, systematic errors of 1/1/3/3 percent were added (Perley &
Butler 2017). All VLA flux density measurements are reported in
Table B1. Given the rapidly changing radio flux density observed in
this outburst, we also imaged the source on shorter time-scales (less
than the full observation period), using our custom CASA variability
measurement scripts® (see section 3.1 of Tetarenko et al. 2017 for a
detailed description of the capabilities of these scripts).

2.2 AMI-LA radio frequency observations

V404 Cyg was observed with the AMI-LA (Zwart et al. 2008) radio
telescope throughout the 2015 outburst. Observations were carried
out with the analogue lag correlator using six frequency channels
spanning 13.5-18.0 GHz. The raw data were processed (RFI exci-
sion and calibration) with a fully automated pipeline, AMI-REDUCE
(e.g. Davies et al. 2009; Perrott et al. 2013). Daily measurements
of 3C 48 and 3C 286 were used for the absolute flux calibration,
which is good to about 10 per cent. The calibrated and RFI-flagged
data were then imported into CASA for imaging. In this paper, we
use a sub-set of the AMI-LA observations taken during this outburst
(complete data set will be published in Fender et al. in preparation).
Our analysis includes AMI-LA data that were taken simultaneously
with our NOEMA mm/sub-mm observations; from 2015 June 26—
30 and July 11-12.

2.3 NOEMA (sub)-mm frequency observations

We observed V404 Cyg with the NOEMA (project codes
SISDE and DIS5AB) between 2015 June 26 and July 13
(MJD 57199-57216) in the 3 mm (tuning frequency of 97.5 GHz)
and 2 mm (tuning frequency of 140 GHz) bands. These observa-
tions were made with the WideX correlator, to yield 1 base-band,
with a total bandwidth of 3.6 GHz per polarization (see Table A2
for a summary of the correlator and array set-up of all the obser-
vations). We used J2023+336 as a phase calibrator, and MWC349
as a flux calibrator, in all epochs. The bandpass calibrator varied
between epochs: 3C 273 (57199 at 3mm), 3C 454.3 (57200/57203
at2 mm), J1749 + 096 (57202 at 3 mm and 57200/57201 at 2 mm),
and J2013 4 370 (57215/57216 at 2 and 3 mm). As CASA is unable
to handle NOEMA data in its original format, flagging and cali-
bration of the data were first performed in GILDAS® using standard
procedures, then the data were exported to CASA* for imaging (with
natural weighting to maximize sensitivity). Flux densities of the
source were measured by fitting a point source in the image plane
(using the imfit task). All NOEMA flux density measurements
can be seen in Table B2. Given the rapidly changing (sub)-mm flux
density observed in this outburst, we also imaged the source on
shorter time-scales (less than the full observation period), using our
custom CASA variability measurement scripts.

2.4 SMA (sub)-mm frequency observations

We observed V404 Cyg with the SMA (project code 2015A-S026)
between 2015 June 16 and July 02 (MJD 57189-57215). All of our

2These scripts are publicly available on github; https://github.com/Astroua
/AstroCompute_Scripts.

3hitp://www.iram.fr/IRAMFR/GILDAS

4To convert a NOEMA data set for use in CASA, we followed the procedures
outlined at https://www.iram.fr/IRAMFR/ARC/documents/filler/casa-gilda
s.pdf.
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observations utilized the ASIC and/or SWARM correlators, tuned
to an LO frequency of 224 GHz (see Table A3 for a summary of the
correlator and array set-up of all the observations). We performed all
flagging, calibration, and imaging (with natural weighting to maxi-
mize sensitivity) of the data within CASA, using the same procedures
and calibrators outlined in section 2.2 of Tetarenko et al. (2017).
Flux densities of the source were measured by fitting a point source
in the image plane (using the imfit task). All SMA flux density
measurements are reported in Table B2. Given the rapidly changing
(sub)-mm flux density observed in this outburst, we also imaged the
source on shorter time-scales (less than the full observation period),
using our custom CASA variability measurement scripts.

2.5 JCMT SCUBA-2 (sub)-mm frequency observations

We observed V404 Cyg with the JCMT (project code M15A154)
on 2015 June 17 and July 02 (MJDs 57190 and 57205) in the
850 wm (350 GHz) and 450 pm (666 GHz) bands. On June 17,
the observation consisted of five ~30 min scans on target with
the SCUBA-2 detector (Chapin et al. 2013; Holland et al. 2013)
from 11:13:12-14:19:05 UTC (MJD 57190.468-57190.597). On
July 02, the observation consisted of eight ~30 min scans on
target with the SCUBA-2 detector from 09:01:23-13:42:29 UTC
(MJD 57205.376 — 57205.571). During the observations on June
17, we were in the Grade 4 weather band with a 225 GHz opacity
of 0.1-0.2, while on July 02 we were in the Grade 3 weather band
with a 225 GHz opacity of 0.08-0.1. Data were reduced in the STAR-
LINK package, using the same procedures and calibrators outlined
in section 2.3 of Tetarenko et al. (2017). JCMT flux densities of
the source in both epochs are reported in Table B2. We note that
we only detect the source at 350 GHz in these epochs; however,
30 upper limits in the 666 GHz band are provided in the table.
Given the rapidly changing (sub)-mm flux density observed in this
outburst, we also attempted to create maps of the source on shorter
time-scales (less than the full observation period). To do this, we
used a custom procedure we developed to produce a data cube, con-
taining multiple maps of the target source region, at different time
intervals throughout our observation (see section 3.2 of Tetarenko
et al. 2017 for the details of this procedure). In both epochs, we
were only able to measure the flux density on time-scales as short
as the 30 min scan time-scale, as V404 Cyg was too faint, and the
noise was too high to accurately measure the flux density on shorter
time-scales.

2.5.1 December 2015/January 2016 mini-outburst

As V404 Cyg displayed renewed activity in December 2015/January
2016, we also observed V404 Cyg with the JCMT (project code
M15BI036) on 2016 January 1 and 2 (MJDs 57388 and 57389).
Each observation consisted of one ~30 min scan on target with the
SCUBA-2 detector (using the daisy configuration), from 19:48 to
20:20 UTC (MJD 57388.825 to 57388.847) on January 1 and from
19:59 to 20:32 UTC (MJD 57389.833 to 57389.856) on January 2.
CRL2688 was used for absolute flux calibration on January 1, and
Mars was used on January 2. During both observations, we were in
the Grade 1 weather band, with a 225 GHz opacity of 0.04/0.05 on
January 1/2. These later epochs were also reduced in the STARLINK
package, following the same procedures as in Section 2.5. V404
Cyg transits during the daytime at this time of year; therefore, the
JCMT was operating in an specialized extended observing mode
at the time of our observations. As we observed the (sub)-mm
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flux density change on rapid time-scales during the main outburst
of V404 Cyg, we opted to also search for variability within the
January 1 observation by splitting the scan into two maps. The first
half of the observation shows an average flux density of 58 £ 19 mJy
and the second half shows an average flux density of 38 £ 10 mJy.
The source was not bright enough, and the noise was too high to
accurately measure the flux density on shorter time-scales. For the
same reasons, we were unable to obtain flux density measurements
on time-scales less than the 30 min scan time-scale in the January 2
epoch. JCMT flux densities of the source in these later epochs are
also reported in Table B2.

2.6 IR/optical/UV/X-ray observations

We have compiled publicly available OIR, UV, and X-ray (Chan-
dra, Plotkin et al. 2017a; Swift/XRT, Sivakoff et al. 2015b) pho-
tometric observations that were quasi-simultaneous with our radio
through sub-mm observations (i.e. <1 d separation from our obser-
vations). Observational details and flux densities from these data
are reported in Table B3, where data in this table have been de-
reddened (when required) using the prescription in Cardelli, Clay-
ton & Mathis (1989), with an E(B — V) = 1.3 4+ 0.2 (Casares
et al. 1993). Additionally, in our analysis we include time-resolved
OIR data from Kimura et al. (2016) and AAVSO,’ as well as
INTEGRAL X-ray data (3—10 and 60-200 keV bands from the
JEM-X and ISGRI instruments, respectively; Rodriguez et al.
2015).% all occurring simultaneously with our radio/sub-mm data
sets.

The Swift/XRT data were all taken in photon counting mode,
and we analysed the data using the HEASOFT software package.
We first reprocessed the data using xrtpipeline, and then we
extracted source and background spectra using standard procedures
in xselect. Due to the presence of dust scattering haloes around
V404 Cyg in many of these observations (e.g. Beardmore et al. 2016;
Heinz et al. 2016), background spectra were extracted from regions
where no haloes were detected. We fit the 0.5-10 keV X-ray spectra
with an absorbed power law (TBABS*PEGPWRLW); here, we used
abundances from Wilms, Allen & McCray (2000) and cross-sections
from Verner et al. (1996). We tied the power-law photon index (I" =
1.8 £ 0.3; 90 per cent confidence interval) together, but allowed the
hydrogen absorption column to vary between observations (Ny ~
0.5-3 x 10?2 cm~2). We report the flux densities arising from these
fits at 5 keV (1.21 x 10° GHz).

3 RESULTS

3.1 Light curves

Daily time-scale light curves of all of our radio through sub-mm
observations of V404 Cyg are presented in the top two panels of
Fig. 1.7 Throughout our month long-monitoring of the source, we

SObservations from the AAVSO International Database (Kafka 2018), https:
//www.aavso.org.

SAll INTEGRAL X-ray data presented in this paper are taken from the
INTEGRAL public data products available at http://www.isdc.unige.ch/ in
tegral/analysis#QLAsources (Kuulkers 2015; PI: Rodriguez).

7All the fluxes presented in this figure are measured through imaging the
source over the full observation period, except for the AMI 16 GHz data,
where a weighted mean of time-resolved measurements (100 s time-bins) is
taken.
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Figure 1. Day-time-scale light curves of V404 Cyg during its 2015 June
outburst. The fop panel displays the radio frequency bands, the middle panel
displays the (sub)-mm frequency bands, and the bottom panel displays the
radio—sub-mm spectral indices, in epochs where at least two different bands
were sampled (using the convention f, oc v¥, where « represents the spectral
index; dotted line indicates o = 0). The (un-)shaded regions represent time-
periods where the jet emission was likely dominated by jet ejecta or a
compact jet (as labelled above the top panel). The figures displaying time-
resolved measurements of these data are indicated at the top of the figure
(T17 indicates Tetarenko et al. 2017). Over our month long-monitoring
period of V404 Cyg, we find that the jet emission is highly variable, where
the radio through sub-mm fluxes vary by around three orders of magnitude,
and the spectral index varies between steep (o < 0) and inverted (o > 0).

observe the radio/sub-mm flux to vary by over three orders of mag-
nitude, ranging from Jy levels at its brightest to sub-mlJy levels at its
faintest. In the sub-mm bands, the emission in our first epoch (taken
hours after the first detection of the outburst in X-rays) is relatively
bright compared to the mm/sub-mm flux densities typically seen in
BHXBs (i.e. ~100 mJy versus <50 mly), but rapidly drops by an
order of magnitude within the next 24 h. Following our first two
detections, the sub-mm flux likely continues to rise, approaching a
peak on MJD 57195. The source then begins to decay, where this
decay is initially quite rapid (i.e. the flux density drops at least an
order of magnitude between MJD 57195 and 57199), before the
emission appears to plateau for a few days around MJD 57204, and
then proceeds to decay at a much slower rate as the source heads
towards quiescence. The radio emission tracks the sub-mm emis-
sion closely, and both show a potential secondary peak in the light
curves around MJD 57200.

The bottom panel of Fig. 1 displays the radio through sub-mm
spectral indices (where a single power law is fit across radio/sub-
mm frequencies), for epochs where at least two different bands were
sampled. We find that the spectral indices appear to vary between
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Figure 2. Time-resolved light curves and spectral indices of V404 Cyg
during the first two days of our monitoring of the outburst (June 16 and
17, MJDs 57189 and 57190). The data shown have varying time-bin sizes;
224 GHz (5/2 min June 16/17), 350 GHz (30 min), Optical R band (75 s;
Kimura et al. 2016). Here, we have combined the two SMA sidebands (cyan
data points) in order to gain a higher signal to noise in our time-resolved light
curves. The horizontal error bars on the JCMT measurements (magenta data
points) represent the time range of the 30 min SCUBA-2 scans. The dotted
line in the bottom panel indicates a spectral index of @ = 0. In less than
24 h, between these two epochs, both the sub-mm flux levels and variability
amplitude change dramatically.

steep (o < 0) and inverted (¢ > 0) during the MJD 57189-57204
period, but then remain flat to inverted for the rest of our monitoring
period.

As V404 Cyg is known to be significantly variable regardless of
its brightness, these day—time-scale light curves and spectral indices
will only display the overall average trend in the data. Therefore,
we opted to also search for intra-observation variability in our data.
To do this, we created time-resolved light curves (and simultaneous
spectral index measurements) of all of our radio through sub-mm
observations. These time-resolved light curves, along with simul-
taneous optical and X-ray data (when available), are displayed in
Figs 2-5. To ensure that any short time-scale variations we observe
from V404 Cyg are dominated by intrinsic variations, and not atmo-
spheric or instrumental effects, we extracted high time resolution
measurements from our calibrator sources as well. We find that
the majority of our calibrator observations show relatively constant
fluxes (variations < 10 per cent of the average flux density), except
for the SMA data taken on MJD 57189 (see discussion below).
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Figure 3. Time-resolved light curves and spectral indices of V404 Cyg
between June 26 and 30 (MJD 57199-57203). The data shown have varying
time-bin sizes: 15 GHz (100 s), 97-140 GHz (45 s), optical /, R, B, V bands
(75 s; Kimura et al. 2016), INTEGRAL 3-10 keV (64 s), INTEGRAL 60—
200 keV (64 s). The dotted line in the bottom panel indicates a spectral
index of @ = 0. We initially detect rapid flaring activity at radio through
X-ray frequencies, which drops in amplitude, becomes less frequent, and
eventually stops all together, over this four day period.

To characterize the amplitude of any intra-observation variability
and compare between epochs, we use the fractional RMS statistic,
S2 _ 52
Foae = _—2m~, (D
X
where X represents the weighted mean of the flux measurements,
the sample variance §* = S™¥  (x; — %)%, and the mean square

measurement error G2, = + S 02, (Akritas & Bershady 1996;
Vaughan et al. 2003; Sadler et al. 2006). For this paper, we consider
F,r < 20 per cent as not significantly variable, 20 per cent < Fy, <
50 percent as mildly variable, and Fy, > 50 percent as highly
variable.

In our first epoch on MJD 57189, the sub-mm emission is highly
variable over the short ~1.5 h observation, with a F,,, = 71.0 £
1.4 per cent at 224 GHz. Although, we note that this variability
appears to be very stochastic (especially when compared to the next
epoch taken ~24 h later), rather than showing smooth or structured
variations that we might expect to see from this high-frequency
emission probing close to the jet base (e.g. see Tetarenko etal. 2017).
Upon examining the calibrator light curve for this observation, we
noticed that the calibrator source shows an atypically high level
of variability within the first half of the observation (i.e. prior to
~18:00 uT), likely due in large part to the very low elevations of
these observations (as low as 15 deg. Therefore, all of the V404
Cyg variability observed in this epoch may not be intrinsic to the
source. Less than a day later, the variability amplitude decreases,
along with the average flux level, to just above mildly variable at
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Figure 4. Time-resolved light curves and spectral indices of V404 Cyg on
July 01 and 02 (MJDs 57204 and 57205). The data shown have varying time-
bin sizes: 5-26 GHz (2 min), 224 GHz (10/30 min on July 1/2), 350 GHz
(30 min), optical / band (100/75 s on July 01/02; AAVSO/ Kimura et al.
2016), INTEGRAL 3-10 keV (15 min), INTEGRAL 60-200 keV (15 min).
Here, we have combined the two SMA sidebands in order to reduce the
noise in our short time-scale light curves. The horizontal error bars on the
JCMT measurements represent the range of the 30 min SCUBA-2 scans. The
dotted line in the bottom panel indicates a spectral index of « = 0. While no
structured flaring activity is observed, the sub-mm emission remains highly
variable on July 01, before becoming much more stable a day later.

For = 51.9 £ 0.8 per cent at 224 GHz. While we are only able to
sample the sub-mm spectral index in two time bins on MJD 57190,
both show a steep spectral index in this epoch, consistent with that
observed from the daily average data (see Figs 1 and 2).

Our next epoch, taken approximately a week later (MJD 57195),
displayed large scale, structured flaring activity, with lower fre-
quency emission appearing as a smoothed and delayed version of
high-frequency emission. We have shown that this emission can
be well modelled by a series of bi-polar, adiabatically expand-
ing jet ejections (details of this data set are reported in Tetarenko
et al. 2017). This structured flaring activity (tracing repeated jet
ejection events) likely continued intermittently up to MJD 57199,
where we sample a final, large radio flare (peaking at ~200 mly
at 16 GHz), coinciding with rapid flaring activity at optical and
X-ray frequencies (see Fig. 3). Following this large flare, the radio
through optical emission remains highly variable for another 1-2 d
(Fyye = 71.6 £ 0.2 per cent at 140 GHz on MJD 57200), displaying
multiple smaller amplitude flaring events, before the flaring ac-
tivity ceases, and the variability amplitude drops to mildly variable
(Fyar = 39.0 £ 0.2 per cent at 140 GHz on MJID 57202/57203). The
spectral indices during the flaring activity between MJD 57199-
57201 oscillate between steep and inverted on hourly time-scales,
consistent with the evolving optical depth of adiabatically expand-
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Figure 5. Time-resolved light curves and spectral indices of V404 Cyg
between July 10 and 13 (MJD 57213-57216). The data shown have varying
time-bin sizes; 1.5 GHz (10 min), 5-17 GHz (2 min), 97-140 GHz (5 min),
INTEGRAL 3-10 keV (5/15 min on MJD 57213-57215/57216), INTE-
GRAL 60-200 keV (5/15 min on MJD 57213-57215/57216). The dotted
line in the bottom panel indicates a spectral index of @ = 0. The radio
through sub-mm flux densities are much more constant in these epochs,
when compared to our observations one week earlier (see Fig. 4).

ing jet ejecta. After the flaring activity had ceased, the spectral index
is much more stable over time, and close to flat.

In the following 2 d, the sub-mm variability amplitude once
again increases to highly variable with F,,, = 85 &£ 5 per cent at
224 GHz on MJD 57204, before declining to the point where any
variance in the data is much less than the measurement errors on
MID 57205 (see Fig. 4). The optical and X-ray emissions at this
time are not significantly variable (F,,; < 10 per cent), while the
spectral index is stable, and remains inverted across radio through
sub-mm bands. A week later (MJD 57213), both the radio and sub-
mm flux has dropped by another order of magnitude, while the
X-ray flux has remained relatively constant (close to zero) since
MID 57201 (see Fig. 5). All the radio bands are not significantly
variable, displaying Fy,, < 20 per cent (similar to that observed in
later radio observations taken in late July and early August; Plotkin
et al. 2017a), and the sub-mm variability amplitude is similar to
that seen on MJD 57202/57203. The spectral indices remain flat to
slightly inverted during the MJD 57213-57216 period.

3.2 Modelling the flaring activity

Out of all the time-resolved light curves shown in Figs 2-5, the
radio and sub-mm light curves between MJD 57199 and 57201
show a distinct morphology. During these days we observe rapid,
multifrequency flaring activity (with the lower frequency emission
appearing to be a smoothed, delayed version of the higher fre-
quency emission; see Fig. 3). Given the striking similarity between
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these data and our earlier work on multifrequency flaring activity
from MJD 57195 (Tetarenko et al. 2017), we opted to apply the
jet model we developed for that data set to the MJID 57199-57201
light curves.

While a detailed description of our jet model is provided in sec-
tion 4.2 of Tetarenko et al. (2017), we provide a brief summary
here. Our V404 Cyg jet model reproduces emission from multiple,
discrete, ballistically moving jet ejection events on top of a constant
compact jet component with a power-law spectrum. Each of the
ejection events consists of the simultaneous launching of identi-
cal bi-polar plasma clouds, both of which evolve under the van der
Laan (van der Laan 1966) synchrotron bubble formalism. Addition-
ally, our model folds in both projection and relativistic effects (e.g.
relativistic beaming and geometric time delays) for each ejection
event.

Here, we use the same modelling process detailed in section 4.3
of Tetarenko et al. (2017), where we implement a Markov chain
Monte Carlo (MCMC) algorithm to fit our light curves on MJD
57200/57201 (Foreman-Mackey et al. 2013). The best-fitting pa-
rameters and their uncertainties® for this fit are shown in Table 1,
and Fig. 6 displays the best-fitting model overlaid on our light curves
(see also Fig. C1). With our best-fitting model, we find that a total of
5 bi-polar ejection events can reproduce the overall morphology and
flux densities of the emission we observe in the June 27/28 (MJD
57200/57201) epoch. Further, our modelling suggests that the in-
clination angle of the jet axis changes by up to ~40 deg during this
series of ejections, which is consistent with the magnitude of jet
axis precession independently estimated from a series of resolved
jetejecta observed in an earlier epoch with the VLBA (Miller-Jones
et al. in preparation). Therefore, overall our modelling shows that
the flaring emission observed on June 27/28 (MJD 57200/57201)
is consistent with emission originating from multiple, discrete jet
ejection events. While we also observe multifrequency flaring in the
2015 June 26/27 (MID 57199/57200) epoch, there is limited over-
lap between the mm/sub-mm and radio observations, which makes
it difficult to reliably fit this data set with our model.

We note that it is possible that the best-fitting parameters pre-
sented in Table 1 do not represent a completely unique solution
due to degeneracies in our model (where different combinations
of parameters can reproduce similar flaring profiles). Further, the
modelling presented in this paper is not as well constrained as our
previous application of the model to the flaring from an earlier
epoch (MJD 57195; Tetarenko et al. 2017), as we only have light
curves at two simultaneous bands (as opposed to 8 simultaneous
bands on MJD 57195) to constrain the model. We caution that the
reader should keep this caveat in mind in the further discussion of
jet properties in this paper.

3.3 Cross-correlation analysis

To search for time lags between different frequency bands, we
computed cross-correlation functions (CCFs) of our time-resolved
light curves in all epochs, using the z-transformed discrete corre-
lation function (ZDCF; Alexander 1997, 2013). We chose to use

8The uncertainties reported in Table 1 are purely statistical, only representing
confidence intervals on our parameters under the assumption that our model
completely represents the data. However, given the residuals with respect
to our best-fitting model, it is possible that there are physical/instrumental
effects in the data that cannot be reproduced by our model. See section 4.3
of Tetarenko et al. (2017) for a more detailed discussion on this point.
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Table 1. V404 Cyg jet model best-fitting parameters.

Baseline flux parameters®

Epoch Fo,¢j (mly) o
June 27/28 4.5910:06 —0.7510:504
Individual jet ejecta parameters®

Ejection tej (HH:MM:SS.S) tej (MID) i (deg) Dobs(deg) ) P° Fo (mJy) By (vic) Bexp (v/ic)d
June 27/28

. . +49.13 +0.0006 +1.98 +0.18 +0.02 0.08 +0.82 +0.001 —+0.0001
1 06-2722:17:56.82943  57200.9291700006  44.07198  4.55%018  2.097002  3.597008  59.48705  0.03770001 00020759901
2 06-2723:14:19.371238  57200.9683700001  53.45T14) 5867020 1.997000 3277004 34.297020  0.02070:90  0.0017709001
3 06-2800:23:46.5156%  57201.016570 0002 34.56124% 6471073 1507000 1.997000  12.60103%  0.050 0005 0.003270000%

40 +13.14 -+0.0002 +1.23 +0.15 +0.03 +0.06 -+0.60 +0.004 —+0.0004
4 06-2800:42:13.71340 5720102937000 63.3012 2371015 1S1T00Y 2.017008  24.097057  0.107F000:  0.004070000%

OR - +62.68 —+0.0007 +1.06 +0.29 -+0.04 +0.09 +0.52 -+0.003 —+0.0002
5 06-2801:08:23.270355  57201.04757000°7  19.54719 4747032 156700 2.127000 1023703 0.06710003  0.0018T 000

Notes. “The baseline flux (representing contributions from a compact jet) is best fit by a single power law, with amplitude Fp cj at 140 GHz, and spectral index
a.

bEjecta parameters are defined as follows: ejection time (fej), inclination angle of the jet axis (7), jet opening angle (@obs), synchrotron optical depth (at 140 GHz)
at the time of peak flux density (7o), peak flux density of the ejecta component (Fy), and the bulk ejecta speed (8p).

“The index of the electron energy distribution, p, is not a fitted parameter but rather is solved for using values of 7. Similar to the situation discussed in our
earlier modelling work (Tetarenko et al. 2017), the large range of energy indices (p) for the ejecta found here is not entirely physical for a single source. We
believe that more extreme values of the energy index could be mimicking the effect of physics that has not been included in our model.

dThe expansion velocity, Bexp, is not a fitted parameter but rather is solved for using values of By, i, Gobs.
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Figure 6. Radio (AMI 16 GHz) and mm/sub-mm (NOEMA 140 GHz) light curves of V404 Cyg on 2015 June 27/28 (MJD 57200/57201). In the fop panel,
we have overlaid our predicted best-fitting jet model at each frequency on the light curves (black lines, where our model contains contributions from both
approaching and receding components for each ejection event). The residuals are shown in the bottom panel, where residual = (data—model)/(observational
errors). Our best-fitting model, which contains a total of 5 bi-polar ejection events, can reproduce the overall morphology and flux levels of the emission we
observe from V404 Cyg, indicating that this flaring emission is consistent with emission originating from multiple, discrete jet ejection events. Note that we
do not attempt to model all of the peaks and wiggles in the mm/sub-mm emission past 02:00 UT, as we do not have the radio frequency coverage to constrain
any additional components in the model past this point. See Fig. C1 for a version of this figure where we decompose the full model into individual approaching
and receding components.
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the ZDCF algorithm, as this method has been shown to provide a
more robust estimate of the CCFs for sparse, unevenly sampled light
curves, when compared to the classic discrete correlation function
(Edelson & Krolik 1988) or the interpolation method (Gaskell &
Peterson 1987). To obtain an estimate of the CCF peak (indicat-
ing the strongest positive correlation, and thus the best estimate
of any time-lag between the light curves from different frequency
bands), with corresponding uncertainties, we utilize the maximum
likelihood method® described in Alexander (2013). Additionally,
to estimate the significance level of any peak in the CCF, we per-
form a set of simulations. For these simulations, we randomize
each radio light curve 1000 times (i.e. Fourier transform the light
curves, randomize the phases, then inverse Fourier transform back,
to create simulated light curves that share the same power spectra
as the real light curves), and calculate the CCF for each random-
ized case. We then determine the fraction of simulated CCF data
points above the peak CCF level in the original CCF run. Per-
forming these simulations allows us to quantify the probability of
false detections in our CCFs, by accounting for stochastic fluctua-
tions and intrinsic, uncorrelated variability within each radio light
curve.

While we performed the above CCF analysis for all of the radio
through X-ray data sets for which we had overlapping, time-resolved
data, we only find clear evidence of time lags during the July 02
(MJD 57205) epoch (see Fig. 7). In particular, we measure a time
lag between the 26 GHz radio band and the 5 GHz radio band of
12.0737 min. However, the measured time lags between the 26 GHz
band and the 7/21 GHz bands are consistent with a zero lag within
the uncertainty limits (where the 1o upper limits for the 26 GHz to
7/21 GHz lags are <10 min and <5 min, respectively). Further, the
optical /-band flaring activity observed in this epoch (see Fig. 4) is
unlikely to be correlated with this radio emission, as a simple jet
model (zo o 1/v, where z, represents the distance down the jet
axis from the black hole) paired with our detected radio lag predicts
a ~15 min lag between the / band and 5 GHz, rather than the hours
between the optical and radio flaring observed in the light curves
(see Figs 4 and 7). However, as the radio and I-band light curves do
not overlap in this epoch, we cannot rule out a correlation between
the two. Therefore, we are unable to conclusively determine if a
trend with frequency, where the lower frequency bands always lag
the higher frequency bands (and the lag increases as the frequency
decreases in the comparison band), exists in our CCFs. Such a trend
is expected from emission originating in a compact jet, as lower
frequency emission is expected to originate from a region further
down the jet axis from the black hole, and these time lags between
radio bands could trace the propagation of material downstream
along the jet (Malzac et al. 2003; Casella et al. 2010; Gandhi et al.
2017; Vincentelli et al. 2018).

As the jet model, we used in Section 3.2 can predict lags be-
tween different frequency bands for each jet ejection event, it is
of interest to compare the model predicted lags from data on MJD
57200/57201 and the CCF predicted lags from data on MJD 57205.
In particular, our best-fitting jet model from MJD 57200/57201

9This method estimates a fiducial interval rather than the traditional con-
fidence interval. The approach taken here is similar to Bayesian statistics,
where the normalized likelihood function (fiducial distribution) is inter-
preted as expressing the degree of belief in the estimated parameter, and the
68 per cent interval around the likelihood function’s maximum represents
the fiducial interval (68 per cent of the likelihood-weighted ensemble of all
possible CCFs reach their peaks within this interval).
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predicts time lags between 26 and 5 GHz of 24-59 min, between
26 and 7 GHz of 17-44 min, and between 26 and 21 GHz of
2-5 min, for different ejection events. Therefore, the jet model pre-
dicted lags between 26 and 5 GHz are all larger than our CCF
measured lag. These differing lags likely indicate varying jet prop-
erties at different phases of the outburst (i.e. decline from a major
flare versus flat-spectrum compact jet emission at a much lower
level), such as bulk speed, inclination angle, opening angle, or
electron energy distributions, between the MJD 57200 and 57205
epochs.

3.4 Broad-band spectra

In the epochs following the structured flaring activity (MJD 57203-
57216), where the emission is much more constant (showing min-
imal flux variability within an observation), we constructed broad-
band spectra to track the spectral evolution of the jet emission as
V404 Cyg decayed towards quiescence (including additional ra-
dio data from the Giant Metrewave Radio Telescope reported in
Chandra & Kanekar 2017, to add lower frequency coverage at
0.235, 0.610, and 1.280 GHz). We fit these radio through opti-
cal/UV broad-band spectra with a phenomenological multicompo-
nent model, consisting of a broken power law (representing compact
jet emission), a blackbody (R, = 5.71R¢, T, = 0.784T(,, repre-
senting the known companion star; Gallo et al. 2007), and in two
epochs, an additional single power law (representing emission from
fading jet ejecta). To fit these spectra, we use an MCMC algorithm
(Foreman-Mackey et al. 2013), where the best-fitting result is taken
as the median of the one-dimensional posterior distributions, and
the uncertainties are reported as the range between the median and
the 15th percentile (—), and the 85th percentile and the median (+),
corresponding approximately to 1o errors. These broad-band spec-
tra are displayed in Fig. 8, and the best-fitting model parameters are
reported in Table 2. We note that while accretion disc emission has
been known to contribute to the optical/UV emission in broad-band
spectra of BHXBs (Khargharia, Froning & Robinson 2010 estimate
< 3 per cent accretion disc contamination during quiescence for
V404 Cyg, although the accretion disc is much brighter in outburst
than in quiescence; Bernardini et al. 2016), we do not include an
accretion disc component in our model presented here (e.g. Hynes
et al. 2002; Hynes 2005). While we could reasonably reproduce
the optical/UV emission in our broad-band spectra with a cool (T’
~ 3000 K), highly truncated (R ~ 10* R,), viscous disc (where
irradiation is not necessary to describe the spectral shape), the in-
tegrated flux over this disc emission implies a physically improb-
able mass transfer rate (e.g. on MJD 57205 ~2 x 107" Mg yr™})
through the disc for this scenario. Therefore, we favour a model
where the jet dominates the optical/UV emission in our broad-band
spectra.

The broad-band spectra constructed from data on MJD 57202—
57205 are well fit by a broken power law, where we detect the
spectral break in the near-IR bands. The OIR emission from the
companion star is fainter than the jet emission on MJDs 57204
and 57205, contributing little to the overall broad-band spectra (al-
though the jet and companion star show similar flux levels in the
OIR on MJD 57202/57203). However, on MJDs 57202/57203, and
57204, we require an additional power-law component to account
for the excess emission at radio frequencies.'” The broken power-

19Note that we have fixed the spectral index of this jet ejecta component to
a typical value of —0.7 in the MJD 57202/57203 epoch, as we only have a
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Figure 7. Radio light curves (zoomed in versions of Fig. 4; top panels) and CCFs (bottom panels) between the VLA radio frequency bands on July 02 (MJID
57205). The peak of each CCF (indicating the strongest positive correlation) is shown by the black dotted line, with the 68 per cent fiducial confidence interval
indicated by the shaded grey region, and different significance levels indicated by the red and green dotted lines (see Section 3.3 for details). The insets in
each panel display a zoomed view of the region surrounding the peak of each CCE. A positive time lag indicates that the lower frequency band lags behind

7

the higher frequency band. We observe a clear time lag between the 26 and 5 GHz bands (bottom left; 12.0*_'2:2 min); however, our measured lags between the
26 GHz and the 7 GHz (bottom middle)/21 GHz (bottom right) bands are consistent with zero lag.

law emission is characteristic of a compact jet, while the additional
power-law component could originate in emission from fading jet
ejecta, potentially launched during the flaring period 2-3 d prior
to these epochs. Further, while we see very little evolution in the
location of the spectral break across these three broad-band spectra,
the optically thin spectral index may steepen over time, while the
optically thick spectral index may flatten over time (although, given
the large uncertainties in some epochs, it is difficult to determine if
we see an evolutionary trend in this spectral index; e.g. MID 57204,
where we only sample the optically thick part of the spectrum in
two closely placed sub-mm bands).

The broad-band spectra constructed from data on MJD 57213—
57216 are also well fit by a broken power law, where we detect
the spectral break at frequencies as high as the optical bands. This
indicates that the spectral break has moved to higher frequencies
over the ~1 week time-scale between these epochs and the previous
three epochs. Further, during these later epochs, the jet emission has
faded by ~ an order of magnitude, and thus the emission from the
companion star contributes much more to the overall spectral shape
in these broad-band spectra.

We note that all of the above conclusions are dependent upon the
assumption that other emission sources (e.g. accretion disc emis-
sion, irradiation of the companion star by X-rays) are not signifi-
cantly contaminating the OIR/UV bands in our broad-band spectra.
For instance, X-rays emitted during the final major flaring event of
the outburst (occurring a few days prior to the spectra presented
in this work) could have potentially caused the emission from the
companion star to be much brighter than normal (through the ir-
radiation process), and in turn contribute more to the OIR/UV
part of the broad-band spectrum. In this case, we would expect

single radio data point to constrain this component. However, as we have
three radio data points in the MJD 57204 epoch, we allow this parameter to
vary in the fit for that epoch.

a smaller jet contribution to the OIR/UV emission. In fact, this
scenario may explain the larger deviations between the radio/sub-
mm data and our best-fitting model on MJD 57213. The presence
of a hotter companion star component, producing more OIR/UV
flux, would allow for a flatter jet spectrum at lower frequencies,
which would be more representative of the radio/sub-mm data in this
epoch.

Further, given the high spectral break frequency measured here, it
is of interest to explore whether the synchrotron jet emission could
be dominating the emission in the X-ray bands during our sampled
epochs. To test this scenario, we have also included the available
quasi-simultaneous Swift XRT/Chandra X-ray flux measurements
(in the 0.5-10 keV band) within our broad-band spectra (Fig. 8 and
Table B3). Simply extrapolating the optically thin part of the jet
spectrum to the X-ray bands in the X-ray sampled epochs (blue dot-
ted lines on June 29/30 and July 02, and grey shading representing a
range of expected optically thin spectral indexes between o« = —0.6
and « = —0.8 on July 10 and 11) clearly overpredicts the X-ray flux.
Therefore, we consider the possibility where a second break, rep-
resenting a synchrotron cooling break'! (due to the highest-energy
electrons losing their energy through radiation on time-scales faster
than the dynamical time-scale; Sari, Piran & Narayan 1998; Pe’er &
Markoff 2012; Russell et al. 2013a, 2014), occurs between the UV
and X-ray bands in the synchrotron spectrum. To place constraints
on the location of the cooling break in this case, we consider the
July 02 (MJD 57205) epoch, as this is the only epoch in which we
have data sampling the optically thin part of the jet spectrum, no
contribution from jet ejecta, and an X-ray measurement. Through
refitting the July 02 spectrum, including the X-ray data point, adding

T We note that to the best of our knowledge the synchrotron cooling break
has only been detected in the broad-band spectra of one BHXB so far (MAXI
J1836-194), where the cooling break was found in the optical bands between
(3-4.5) x 10'* Hz (Russell et al. 2014).
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Figure 8. Broad-band spectra of V404 Cyg during the decay of the 2015 outburst. The top panel in each broad-band spectrum displays the broad-band
photometric data (black markers), and the best-fitting model (where the Swift XRT/Chandra X-ray data points are not included in these fits) in each epoch.
The solid purple line represents the total model, and the dotted lines represent the model components (green is the companion star component, dark blue is
the compact jet component, and cyan is the fading jet ejecta component). The orange bars/arrows represent constraints on the location of the spectral break.
The dash—dotted red line and shaded red/grey regions represent constraints on the synchrotron jet contribution to the X-ray emission (where our jet model
overpredicts X-ray flux unless a sychrotron cooling break is considered in the spectrum; see Section 3.4 for details). The bottom panel of each broad-band
spectra represents the residuals, where residual = (data model)/(observational errors). The emission in these broad-band spectra is consistent with being
dominated by emission from a compact jet, with a spectral break in the near-IR and optical frequency bands.

Table 2. Best-fitting parameters for broad-band spectral modelling®®.

Date Vpreak (GHz) Fhreax (mly) Qthick Othin Liet (ergs™h Fi5GHz (mJy) Othin2
June 29/30 (3105339 = 10° 13481053 0147000 _( 50102 (5.475588) < 10% 445102 —0.70
July 01 (2445513) < 10° 439705 0310l _080t018 (14293 = 10% 1337036 —0.537011
July 02 (3485095 < 10° 26711210 017102 0791037 (9.451331) x 102 - -
July 10 (3.8150%) x 10° 1327792 0.24700! —0.70 (5.2558%7) x 10% - -
July 11 (3.897845) x 10° 10387159 0201002 —0.70 (4225839) x 10% - -
July 12/13 (4.487738) x 10° 7624121 0.197094 —0.70 (3.03142) x 10% - -

Notes. “Columns from left to right: spectral break frequency, flux at the spectral break, optically thick spectral index, optically thin spectral index, integrated
compact jet power (Lje = 4nD? JvL,dv, from1.5t0 1.2 x 10° GHz) given our best-fitting model, flux (at 15 GHz) and spectral index of additional optically
thin power-law component. The radius and temperature of the companion star were fixed in all fits (R, = 5.71R ), T = 0.784T5; Gallo et al. 2007).

bNote that we fix the optically thin spectral index to a value of —0.7 for the July 10, July 11, and July 12/13 epochs, as we do not have sufficient data to place
accurate constraints on this parameter in our fitting.
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a cooling break (where the spectral index after the cooling break is
steeper by Aa = 0.5; Sari et al. 1998; Russell et al. 2014) in the
model, and keeping all other parameters fixed at the original best-
fit values, we find Voo = (I.ngzg) x 10'® Hz (where the cooling
break version of the model is displayed as a red dot-dashed line in
the middle-left panel of Fig. 8). Given this cooling break measure-
ment, and estimates of the optically thin spectral index (we assume
spectral indexes between o = —0.6 and o = —0.8 in epochs where
we have no constraint on this parameter), we also extrapolate the
synchrotron spectrum to the X-ray bands in the June 29/30, as well
as the July 10 and 11 epochs (displayed as red shading in the top
left-hand, middle right-hand, and bottom left-hand panels of Fig. 8).
Overall, we find that the jet synchrotron emission could reasonably
be producing a significant fraction of the X-ray flux in these epochs.
Further discussion of the plausibility of this scenario is presented
in Section 4.2.

4 DISCUSSION

Throughout the June 2015 outburst of V404 Cyg, the jet emission
we observe displays a wide range of intensities (spanning over three
orders of magnitude between the brightest and faintest epochs), and
the spectral and variability properties of the jet emission change
dramatically throughout the outburst (on time-scales of minutes to
days). In this work, we have presented detailed diagnostics of this
jet emission, and in the following sections, we discuss jet proper-
ties and evolution in V404 Cyg, as well as draw comparisons to
the jet emission observed in the 1989 outburst, and the December
2015/January 2016 mini-outburst.

4.1 Jet ejecta behaviour

For the first ~13 d of the June 2015 outburst, the jet emission
from V404 Cyg appears to be dominated by emission from dis-
crete jet ejections, as evidenced by the structured multifrequency
flaring activity in the light curves, and the rapidly oscillating radio
through sub-mm spectral indices (consistent with the evolving op-
tical depth of these expanding ejecta; see Figs 1 and 3). In recent
work (Tetarenko et al. 2017), we developed a jet ejecta model for
V404 Cyg that could reproduce the brightest multifrequency flaring
emission detected during the outburst (on MJD 57195), and in turn
allow us to probe jet speeds, energetics, and geometry. To examine
how the jet ejecta properties could evolve throughout the outburst,
in this paper we have presented model fits to another multifrequency
flaring data set, occurring 5 d following the brightest epoch. We find
that these later multifrequency flaring episodes can also be well rep-
resented by emission from a series of jet ejections (Fig. 6). Upon
comparing the jet ejecta properties between our modelled data sets,
the later epochs tend to show fainter ejecta (tens to hundreds of
mly, rather than thousands of mJy), with lower bulk speeds (<0.1c
versus 0.2-0.6¢ on MJD 57195; Tetarenko et al. 2017), and longer
periods between ejections (on the order of hours, rather than min-
utes). This suggests that the ejecta properties changed throughout
the flaring period, becoming slower, less energetic, and less frequent
as the outburst progressed, before the discrete jet ejections stopped
all together.

If the jet ejecta launched from V404 Cyg are powered by the
accretion flow, then the radio/sub-mm emission we observe should
be correlated with the optical/X-ray emission (where the optical
emission could originate in the jet base/acceleration region and/or
be reprocessed X-ray emission from the accretion flow; e.g. Gandhi
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et al. 2017). In particular, we might expect'? to observe optical/X-
ray flaring counterparts preceding our radio/sub-mm flares, where
the ejection times predicted by our modelling should coincide with
the optical/X-ray flaring. Interestingly, the beginning of the opti-
cal flaring complex observed on June 27 at ~ 23:00 UT coincides
with the predicted ejection time for the largest mm/sub-mm flare
(ejection 2 in Table 1, also see Fig. C2) observed in this epoch. Ad-
ditionally, while we were unable to model the radio/sub-mm flaring
on June 26, if we assume similar delay time-scales (~10-40 min
between mm/sub-mm and optical/X-ray) from our modelled epoch,
it seems plausible that the rapid optical/X-ray activity on June 26
could also be related to the radio/sub-mm flaring we observe during
this epoch (see Fig. 3). However, not all of the ejection events we
model on June 27 have clear optical counterparts (e.g. ejections
3-5; see Fig. C2). The explanation for the lack of clear optical/X-
ray counterparts to some radio/sub-mm flares in this system is not
known, but additional factors such as a precessing accretion disc
(Miller-Jones et al. in preparation) obscuring the jet base or emis-
sion being absorbed by the strong accretion disc wind detected from
the inner accretion disc in this source (Munoz-Darias et al. 2016)
could be affecting the optical/X-ray emission we observe, thus mak-
ing it more difficult to identify counterparts to the radio/sub-mm
flares. Therefore, our observations provide hints of a possible cor-
relation between radio/sub-mm and optical/X-ray emission during
jet ejection events in V404 Cyg, but we do not fully understand
the connection between the accretion flow and jet emission in this
system.

4.2 Compact jet behaviour

Following the flaring period, the jet emission from V404 Cyg
switches to being dominated by a compact jet, as evidenced by
the flat/inverted (radio through sub-mm) spectral indices, and the
absence of large-scale flaring activity in the time-resolved light
curves in all bands (see Figs 4 and 5).

Through applying a phenomenological model to the broad-band
emission at this stage in the outburst, we find that the compact
jet is the dominant source of emission in V404 Cyg from the radio
through optical/UV bands (see Fig. 8, where the broad-band spectra
can be well fit by a broken power law, characteristic of compact jet
emission). With this modelling, we initially detect the optically
thick to thin synchrotron jet spectral break in the near-IR bands
(~2-3 x 10" Hz), and find that the spectral break could reach
as high as the optical bands in our final epochs (4.48 x 10'* Hz).
This high spectral break frequency is atypical for BHXBs (typical
values for the spectral break in BHXBs are 10''~4 Hz; Russell et al.
2013a), but consistent with data from the 1989 outburst, which also
display a high spectral break frequency (~1.8 x 10'* Hz; Russell
et al. 2013a). These results are also in agreement with the recent
work of Maitra et al. (2017), who present several lines of evidence
to suggest that the optical emission was dominated by the compact
jet on MJD 57200, and theorize the spectral break lies above the
optical V band at this time (~5.5 x 10'* Hz). As the spectral break

12We note that while multiband flaring activity detected in some epochs
may appear to be occurring simultaneously, observing no delay between
X-ray/optical/sub-mm/radio emission does not make physical sense in the
accretion flow/jet picture. Emission from the X-ray/optical/sub-mm/radio
bands are emitted from different regions that are expected to be separated
by measurable light traveltimes. As such, any appearance of simultaneity is
more likely to be a sampling effect in our light curves.
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probes the jet base (where jet particles are first accelerated to high
energies), Maitra et al. (2017) theorize that a spectral break at such a
high frequency suggests the jet base was very compact and energetic
at this point in the outburst. If this is the case, our spectral break
measurements imply these conditions persisted as the system faded
towards quiescence.

Measuring a spectral break in the optical bands in the V404 Cyg
jet spectrum could also have important implications regarding the
jet contribution to the X-ray emission in this system. In particular,
with such a high spectral break frequency, the optically thin syn-
chrotron emission from the jet could be dominating the emission in
the X-ray bands (e.g. in XTE J1550-564 the jet has been shown to
dominate the X-ray bands during the outburst decay; Russell et al.
2010). In Section 3.4 and Fig. 8, we have shown that a synchrotron
spectrum (with a cooling break between the UV and X-ray bands)
extrapolated to the X-ray bands can reasonably reproduce the X-ray
fluxes observed during the decay of this V404 Cyg outburst. This
indicates that the jet could be producing a large fraction of the X-ray
flux at this point in the outburst. However, to confirm this theory,
a more detailed X-ray analysis (possibly examining hard/soft lags,
reflection features, or the presence of iron lines) would need to be
performed to verify that the X-ray emission is indeed more consis-
tent with synchrotron from a jet rather than Comptonization in a hot
inner flow. Such an X-ray analysis is beyond the scope of this work.
However, we note that X-ray spectral studies (Motta et al. 2017b) of
this stage of the outburst find photon indexes (I" ~ 1.5-1.7) consis-
tent with our estimated optically thin synchrotron spectral indices
(¢ ~—0.6to — 0.8, where I' = 1 — «). This suggests that the X-
ray spectrum may show a similar slope to the optically thin part of
the compact jet spectrum, and thus be indicative of a synchrotron
origin for this X-ray emission.

Further, we see limited evidence for evolution in the broad-band
spectra across our sampled epochs during the outburst decay. For
instance, the optically thin spectral index stays relatively constant
(within error) across the epochs where it is measured, the optically
thick spectral index may only flatten slightly over time, and the
spectral break resides in the near-IR/optical bands across all of our
sampled epochs (see Table 2). Additional radio observations occur-
ring after our sampled epochs (in late July and early August) also
show a similar trend, where the shape of the radio spectrum (i.e.
spectral index) remains relatively constant over time (Plotkin et al.
2017a). Limited jet spectral evolution may suggest that the jet prop-
erties are not changing significantly as the jet emission fades during
these epochs (e.g. the jet spectral shape can be sensitive to many
parameters, such as the magnetic field strength at the base of the
jet, jet geometry, inclination of the system, the particle acceleration
process, and the electron energy distribution injected into the jets;
Kaiser 2006; Pe’er & Casella 2009; Jamil, Fender & Kaiser 2010;
Malzac 2014). Interestingly, Chandra & Kanekar (2017) have re-
ported the detection of a spectral break in the radio band at Ve =
1.8 GHz on MJD 57199/57200. This finding is consistent with our
previous work (Tetarenko et al. 2017), where we found evidence of a
compact jet with a spectral break between 0.341 < Ve < 5.25 GHz
on MJD 57195. Therefore, while we observe little spectral break
evolution in broad-band spectra sampling epochs later than MJD
57202 in this work, combining these two results may suggest that
the spectral break rapidly shifted from the radio to near-IR bands
over the span of a few days (between MJD 57199-57202). More-
over, we find that the compact jet emission during the outburst decay
can also be highly variable (on minute to hour time-scales), similar
to the conditions observed in the quiescent V404 Cyg jet. While the
variability amplitude at radio/sub-mm frequencies appears to follow
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an average trend, where the variability amplitude decreases as the
intensity of the jet emission decreases, interestingly we also find
that the variability amplitude can sporadically increase in certain
time periods. For example, on MJD 57204 the sub-mm emission
displays a large variability amplitude of Fy, ~ 85 per cent, while
the epochs taken ~24 hours prior to and following the MJD 57204
epoch, show little to no variability (see Fig. 4). Maitra et al. (2017)
have suggested that strong optical frequency variability (also prob-
ing the jet base region, but closer to the black hole than probed by
sub-mm frequencies) occurring a few days earlier on MJD 57200,
could be caused by a disruption in the feeding of the jet. In this
situation, the mass outflow rate changes sporadically in response
to a change in the mass inflow rate through the disc. Alternatively,
the high variability amplitude detected on MJD 57204 could be
tracing the re-establishment of the compact jet, following the last
major flaring episodes occurring a few days earlier. In either case,
if the jet flow was unstable in the MJD 57204 epoch, this could
also explain the origin of the time lags we detect between the ra-
dio bands in the MJD 57205 epoch. In particular, these time lags
could be tracking a disturbance in the jet flow, which was injected
into the jet base sometime between the MJD 57204/57205 epochs,
and has since propagated downstream (to lower frequencies) in
the jet.

4.3 Comparison to the 1989 outburst

V404 Cyg underwent three known outbursts prior to 2015: 1938
(when the optical counterpart was observed and originally identi-
fied as Nova Cygni; Wagner et al. 1989), 1956 (as discovered on
photographic plates; Richter 1989), and 1989 (when the transient
X-ray counterpart was first identified by the Ginga satellite; Makino
1989). The 1989 outburst was monitored at multiple frequencies,
including X-ray, optical, and radio frequencies (Han & Hjellming
1992). While both the 1989 and 2015 outbursts have been shown
to exhibit similar X-ray behaviour (e.g. bright X-ray flaring activity
that is not always intrinsic to the source), a detailed comparison be-
tween the radio jet behaviour during these different outbursts has not
yet been presented. Radio frequencies offer the distinct advantage
of providing a cleaner view of the system, when compared to the
X-ray regime, as the high column density/external obscuration ef-
fects (Motta et al. 2017a) do not apply in the radio regime. As such,
given our well-sampled radio coverage, in this section we compare
the radio jet behaviour between the 1989 and 2015 outbursts (see
Fig. 9 for the radio frequency light curves and radio spectral indices
for both outbursts).

The radio jet behaviour in the 1989 and 2015 outbursts dis-
play many similarities; both outbursts reach similar peak intensities
(~1 Jy), the spectral indices show similar evolution (progresses
from steep, to flat, to inverted, in ~20 d), both outbursts spend
~15 d in a high luminosity flaring accretion state before transition-
ing into a hard accretion state (where the jet emission is dominated
by a compact jet; red and blue shading in Fig. 9), the radio emis-
sion remained variable throughout the outburst (regardless of flux
level), and there are hints of coupling between radio, optical, and
X-ray emissions (Han & Hjellming 1992; Plotkin et al. 2017a;
Tetarenko et al. 2017). However, the radio emission in the 2015
outburst decays significantly faster than the radio emission in the
1989 outburst (~30 d in 2015 versus ~300 d in 1989, to reach sub-
mly levels), and no mini-outburst is observed at radio frequencies
in 1989 (Mufioz-Darias et al. 2017). However, given the duration
of the 2015 mini-outburst, and the sampling time-scale between the
1989 radio epochs, it is entirely possible that such a mini-outburst
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Days after 1989 outburst detection on MJD 47667
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Figure 9. Radio frequency light curves of the 1989 (grey-scale data points) and 2015 (coloured data points) outbursts of V404 Cyg. The 1989 radio frequency
data are taken from Han & Hjellming 1992 (HH92), and we supplement our 2015 radio frequency coverage with the measurements reported in Plotkin et al.
2017a (P17). The top and bottom panels indicate the radio spectral indices (in epochs where at least two radio bands were observed) in 1989 and 2015,
respectively. The shaded regions in the fop and bottom panels represent the time periods in which the radio emission was likely dominated by jet ejecta emission
(red; @ < 0) or compact jet emission (blue; @ > 0). We also include our JCMT sub-mm coverage of the 2015 mini-outburst in this plot, where the yellow
shading in the middle panel indicates the duration of the 2015 mini-outburst period (MJD 57377-57413; Muifoz-Darias et al. 2017). While both outbursts
reach similar peak intensities and show similar radio spectral index evolution, the radio emission from the 2015 outburst appears to decay much faster than in

the 1989 outburst.

was simply missed in 1989. Interestingly, the 2015 outburst also
decayed much more quickly in X-rays when compared to the 1989
outburst (~60 days in 2015 versus ~160 d in 1989; Terada et al.
1994; Oosterbroek et al. 1997; Zycki, Done & Smith 1999a; Plotkin
et al. 2017a).

Several works (Gallo, Fender & Pooley 2003b; Corbel et al.
2008; Gallo et al. 2014; Plotkin et al. 2017a; Gallo, Degenaar &
van den Eijnden 2018) have shown that the radio luminosity of
V404 Cyg is linked to the X-ray luminosity through a robust disc-
jet coupling relationship (radio luminosity is proportional to the
X-ray luminosity; Lg o< L’)S(, where 8 ~ 0.54 for V404 Cyg). This
relationship was shown to hold across a wide range of X-ray lu-
minosities (Lx ~ 10%2-10%7 ergs~!) and is valid for both the 1989
and 2015 outbursts (Plotkin et al. 2017a). Therefore, as the X-ray
luminosity can be thought of a proxy for mass accretion rate, the
more rapid drop in radio luminosity in the 2015 outburst could be

the result of a more rapid drop in the average mass accretion rate
after the peak of the outburst, when compared to the 1989 outburst.
Munoz-Darias et al. (2016) have suggested that the strong accretion
disc wind detected during the 2015 outburst may be a factor that
regulates outburst duration, as these winds can significantly deplete
the mass in the accretion disc (and potentially cause drastic and
rapid changes in mass accretion rate). As such, it is possible that
the faster decay seen in our radio light curves in the 2015 outburst
indicates that the mass loss rate in the winds was much higher in
the 2015 outburst, leaving less matter in the disc to fuel the jets.
Along the same lines, the length of the quiescent period prior to
each outburst may also be a contributing factor to the more rapid
radio decay. In particular, as the quiescent period prior to the 1989
outburst was longer than the quiescent period prior to the 2015 out-
burst (33 versus 26 yr), the system had more time to build up mass
in the disc (to fuel the jets) before the 1989 outburst.
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Figure 10. JCMT sub-mm light curves of V404 Cyg during the December
2015 mini-outburst. The vertical dotted line indicates the start of the mini-
outburst on MJD 57377, while the shaded grey region indicates the most
active flaring phase of the mini-outburst (MJD 57386.5-57389, as identified
by Mufioz-Darias et al. 2017). The right-hand panel displays a time-resolved
analysis of the 2016 January 1 (MJD 57388) observation, where we split the
30 min scan into two segments. The decreasing flux trend observed in the
daily light curve (main panel) and time-resolved measurements (right-hand
panel), as well as the timing of our measurements near the end of the active
flaring period, suggests that we may have caught the tail end of a brighter
flare in these JCMT sub-mm observations.

4.4 The December 2015 mini-outburst

Following the June 2015 outburst of V404 Cyg, renewed X-ray ac-
tivity was detected from the system in December 2015 (MJD 57377,
~189 d after the first detection of the June outburst; Beardmore et al.
2015; Lipunov et al. 2015; Malyshev et al. 2015; Trushkin et al.
2015; Motta et al. 2016). Recent work (Mufioz-Darias et al. 2017,
Kajava et al. 2018) has shown that while this ‘mini-outburst’ was
in general fainter across all sampled frequencies when compared to
the June outburst, it showed similar phenomenology; strong flaring
activity, fast accretion disc wind, highly variable column density.

This mini-outburst phenomenon has been seen in other BHXB
sources following bright outbursts (e.g. GRO J0422 + 32,
XTE J1650-500, MAXT J1659-152, GRS 1739-278; Yan & Yu
2017 and references within). However, with the exception of
one source (Swift J1753.5-0127; Plotkin et al. 2017b), these
mini-outbursts have only been monitored at X-ray and optical
frequencies.

Muifioz-Darias et al. (2017) present AMI radio monitoring of
this mini-outburst period, where they detect flaring radio emission
for a 10 d period following the mini-outburst detection. This flar-
ing period ended with a large radio flaring episode on December
31/January 1, after which the radio emission began to decay (sim-
ilar to the final radio flare on June 26 in the main outburst). We
obtained JCMT SCUBA-2 sub-mm observations on January 1 and
2, in which we observe a decreasing flux density trend in both
the time-resolved measurements on January 1 and between the two
JCMT epochs (see Fig. 10). This trend, combined with the timing of
our measurements near the large radio flare, suggests that we may
have caught the tail end of a brighter flare in our JCMT observations.
Radio and sub-mm flaring accompanied repeated jet ejection events
during the main June outburst (Tetarenko et al. 2017 and Fig. 3).
Therefore, our measurements corroborate the theory suggested by
Muiioz-Darias et al. (2017), which despite the fainter nature of the
mini-outburst, V404 Cyg was still launching discrete jet ejecta dur-
ing this time period, and in turn, jet ejecta are not exclusive to the
highest luminosity states in V404 Cyg.
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5 SUMMARY

In this paper, we present the results of our multifrequency moni-
toring observations of the 2015 outburst of the BHXB V404 Cyg.
We observed the source at radio and mm/sub-mm frequencies, with
the VLA, AMI, SMA, JCMT, and NOEMA, and collected publicly
available OIR, UV, and X-ray measurements to supplement our
coverage. With this well-sampled data set, we created detailed di-
agnostics of the jet emission in V404 Cyg, tracking the spectral and
variability properties throughout different stages of the outburst (e.g.
time-resolved light curves and spectral indices, broad-band spectra,
CCFs, variability amplitude measurements).

Using these diagnostics, we find that the jet emission was orig-
inally dominated by emission from discrete jet ejecta during the
brightest stages of the outburst. These ejecta appeared to become
fainter, slower, less frequent, and less energetic, before the emis-
sion abruptly (over 1-2 d) transitioned to being dominated by a
compact jet. While the broad-band spectrum of this compact jet
showed very little evolution throughout the outburst decay (despite
the intensity of the jet emission fading by an order of magnitude),
the emission still remained intermittently variable at mm/sub-mm
frequencies. Further, through phenomenological modelling of the
broad-band emission from this compact jet, we directly detect the
optically thick to thin synchrotron jet spectral break in the near-IR
and optical bands (~2-5 x 10'* Hz) and postulate that the compact
jet could have been significantly contributing to the X-ray emission
observed during the outburst decay.

Additionally, we compared the radio jet emission throughout the
2015 and previous 1989 outbursts. While the radio jet emission in
both outbursts shows many similarities (e.g. peak flux and spec-
tral index evolution), we show that the radio emission in the 2015
outburst decayed significantly (~10 times) faster than in the 1989
outburst. We postulate that, given the robust disc-jet coupling rela-
tionship found between these two outbursts (Plotkin et al. 2017a),
this difference could indicate that the average mass accretion rate
dropped (possibly due to the strong accretion disc wind) much
quicker following the peak of the 2015 outburst, when compared to
the 1989 outburst.

Lastly, we report on sub-mm observations during the Decem-
ber 2015 mini-outburst of V404 Cyg. These sub-mm observations
display a decreasing flux trend, which most likely samples the tail
end of a larger flaring episode. As sub-mm flaring coincided with
jet ejection episodes during the main outburst, these observations
support previous claims (Mufioz-Darias et al. 2017) that, similar to
the main outburst, the source was most likely launching powerful
jet ejecta during this period of renewed activity.

Overall, our work here demonstrates the importance of simultane-
ous, multifrequency, time-resolved observations to fully understand
the rapidly evolving jet sources in BHXBs.
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In this section, we provide details on the correlator and array set-up of all of our radio through mm/sub-mm interferometric observations:
VLA (Table A1), NOEMA (Table A2), and SMA (Table A3).

Table Al. VLAobservations summary.

Date MID Sub-array Scans Band(s)* Number of
(2015) (UTC) antennas
July 02 57205 A 10:02:14-14:01:32 C-K-C 14

B 10:05:14-14:01:32 K-C-K 13
July 10 57213 A 12:03:02-13:01:50 C 8

B 12:04:02-13:01:52 L 9

C 12:02:02~13:01:50 Ku 9
July 11 57214 A 13:29:52-14:27:40 L 9

B 13:28:52-14:27:40 C 8

C 13:27:52-14:27:40 Ku 9
July 12 57215 A 12:04:02-13:01:52 L 8

B 12:03:02-13:01:50 C 9

c’ - Ku 8

Notes. “This column indicates the frequency bands observed with each sub-array. When multiple bands are present, the
entry in this column indicates the temporal sequence with which the bands were observed by the sub-array.

b A technical error occurred during observing and no data was taken for this sub-array.

Table A2. NOEMAobservations summary.

Band

Date MID Array config. Scans (mm) Number of

(2015) (UTO) antennas

June 26 57199 6Dq-E03+-E12 22:24:02-23:12:58 3 6

June 27 57200 6Dq-E03+-E12 00:15:35-02:42:31 2 6

June 27/28 57200/57201 6Dq-E03+E12 23:17:37-03:05:34 2 6

June 29 57202 6Dq 22:13:50-23:02:47 3 6

June 30 57203 6Dq 00:14:51-02:55:10 2 6

July 12 57215 6Dq 22:03:27-22:52:23 3 6

July 12/13 57215/57216 6Dq 23:45:19-02:12:09 2 6
Table A3. SMA observationssummary*.
Date MID Array config. Scans Total bandwidth Correlator Correlator set-up Number of
(2015) (UTC) (GHz) (Nspw»> Nc, Av MHz)? antennas
June 16 57189 Sub-compact 17:22:33-18:40:43 8.32 ASIC+SWARM (48, 128, 0.8125)+(2, 128, 13)° 7
June 17 57190  Sub-compact 13:25:04-17:03:14 4.992 ASIC (48, 128, 0.8125) 6
July 01 57204 Compact 07:50:28-17:18:53 2.080 ASIC (20, 32, 3.250) 6
July 02 57205 Compact 09:26:57-14:30:42 2.496 ASIC (24, 32, 3.250)¢ 6

Notes. “Our SMA project is a ToO programme, with highly constrained start times, needed to obtain simultaneous observations with other facilities. Therefore,
due to the continuum nature of our observations, our programme is often run immediately before or after other SMA observing programmes, which results in
the wide variety of correlator set-ups seen here.
’The correlator set-up, number of spectral windows, number of channels, and channel width for each of the two side bands.

“The SWARM correlator had a fixed resolution of 101.6 kHz per channel with 16 383 channels for each SWARM spectral window. Given the continuum nature
of these observations, we performed spectral averaging to yield 128 13-MHz channels in both SWARM spectral windows (matching the number of channels
in the ASIC spectral windows) and to make it easier to combine ASIC and SWARM data.
dThree of the 24 spectral windows were set up with a higher spectral resolution in this observation; 512 0.203-MHz channels. As such, we spectrally averaged
these channels to match the other spectral windows with 32 3.250-MHz channels.
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APPENDIX B: OBSERVATIONAL DATA

In this section, we provide data tables of all the day—time-scale multifrequency photometry measurements presented in this work: radio
(Table B1), mm/sub-mm (Table B2), and OIR/UV/X-ray (Table B3).

Table B1. Flux densitiesof V404 Cyg at radio frequencies.

Telescope Date MJD Freq. Flux density”
(2015) (GHz) (mJy)
VLA June 22 57195 5.25 5145 +5.1
VLA June 22 57195 7.45 5169 £5.2
VLA June 22 57195 20.8 803.5 + 18.1
VLA June 22 57195 25.9 827.7+18.3
AMI June 26/27 57199/57200 16.0 190.23 4 0.03
AMI June 27/28 57200/57201 16.0 38.44 +0.03
AMI June 29/30 57202/57203 16.0 7.88 4 0.02
GMRT® July 01 57204 1.280 6.39 4 0.67
GMRT® July 01 57204 0.610 8.88 + 0.94
GMRT® July 01 57204 0.235 13.4+24
VLA July 02 57205 5.25 3.99 4+ 0.06
VLA July 02 57205 7.45 3.87 £ 0.05
VLA July 02 57205 20.8 5.1040.16
VLA July 02 57205 25.9 499 4+0.15
VLA July 10 57213 1.52 0.96 & 0.09
VLA July 10 57213 5.24 0.97 +0.09
VLA July 10 57213 7.45 1.13 +£0.08
VLA July 10 57213 13.5 1.13 +0.05
VLA July 10 57213 17.4 1.10 + 0.05
AMI July 10 57213 16.0 1.14 + 0.07
GMRT® July 11 57214 1.280 0.52 4 0.14
GMRT® July 11 57214 0.610 <0.6
GMRT® July 11 57214 0.235 0.66 4 0.24
VLA July 11 57214 1.52 0.73 4+ 0.05
VLA July 11 57214 5.24 0.76 + 0.16
VLA July 11 57214 7.45 1.1240.10
VLA July 11 57214 13.5 1.46 4 0.07
VLA July 11 57214 17.4 1.13 £ 0.07
AMI July 11 57214 16.0 1.08 + 0.07
GMRT” July 12 57215 1.280 <4.7
GMRTP® July 12 57215 0.610 0.52 4+ 0.12
GMRT® July 12 57215 0.235 0.50 +0.19
VLA July 12 57215 1.52 0.63 4 0.04
VLA July 12 57215 5.24 0.74 £ 0.11
VLA July 12 57215 7.45 0.96 4+ 0.10
VLA July 12¢ 57215 13.5 -
VLA July 12¢ 57215 17.4 -

“The VLA measurements include the standard VLA systematic errors.
é Giant Metrewave Radio Telescope (GMRT) data are taken from Chandra & Kanekar (2017).
° A technical error occurred during observing, and thus no data was taken for this sub-array.
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Table B2. Flux densitiesof V404 Cyg at mm/sub-mm frequencies.

Telescope Date MJD Freq. Flux density
(2015) (GHz) (mJy)
SMA June 16 57189 220.25 1020+ 1.6
SMA June 16 57189 230.25 729+ 1.5
SMA June 17 57190 220.25 175+ 0.6
SMA June 17 57190 230.25 1574 0.6
JCMT June 17 57190 350 7.9+2.1
JCMT June 17 57190 666 <122
SMA June 22 57195 220.25 878.0 +32.0
SMA June 22 57195 230.25 872.0 +32.0
JCMT June 22 57195 350 932.8 £ 6.9
JCMT June 22 57195 666 988.6 + 30.0
NOEMA June 26/27 57199/57200 97.5 70.16 +0.09
NOEMA June 26/27 57199/57200 140 48.62 +0.07
NOEMA June 27/28 57200/57201 140 16.80 =+ 0.05
NOEMA June 29/30 57202/57203 97.5 5.32 +0.09
NOEMA June 29/30 57202/57203 140 5.87 +0.07
SMA July 01 57204 220.25 52+12
SMA July 01 57204 230.25 58+£12
SMA July 02 57205 220.25 89422
SMA July 02 57205 230.25 55+£25
JCMT July 02 57205 350 100+ 1.4
JCMT July 02 57205 6667 <80
NOEMA July 12/13 57215/57216 97.5 1.38 +0.09
NOEMA July 12/13 57215/57216 140 1.44 +0.12
JCMT January 01° 57388 350 41 +7
JCMT January 01° 57388 666° <140
JCMT January 02° 57389 350 7£2
JCMT January 02° 57389 6667 <82

* Note that data in the 666 GHz (450 pm) band was obtained simultaneously with the 350 GHz (850 wm) band, but the source was not always significantly
detected at 666 GHz. The values reported here represent 3o upper limits.
bThese data were taken during the late December 2015/January 2016 mini-outburst of V404 Cyg.
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Table B3. Flux densities of V404Cyg at IR/optical/UV/X-ray frequencies.

Band” Date MID Freq. Flux density Ref.”
(2015) (GHz) (mJy)
R June 16 57189 4.56 x 10 21224229 5
J June 26/27 57199/57200 245 x 10° 46.6 £ 4.9 1
H June 26/27 57199/57200 1.84 x 10° 50.5+5.0 1
K June 26/27 57199/57200 1.37 x 10° 37.6+29 1
U June 26/27 57199/57200 8.65 x 10° 257+£1.0 2
J June 27/28 57200/57201 2.45 x 10° 98.7+ 8.6 3
H June 27/28 57200/57201 1.84 x 10° 779 £8.5 3
K June 27/28 57200/57201 1.37 x 10° 674+ 6.6 3
1% June 27/28 57200/57201 5.48 x 10° 19.1£19 2
B June 27/28 57200/57201 6.82 x 10° 16.1 £ 2.4 2
uvi June 27/28 57200/57201 1.15 x 10° 2249.1 2
J June 29/30 57202/57203 245 x 10° 30.7£0.6 4
H June 29/30 57202/57203 1.84 x 10° 258+ 0.6 4
K June 29/30 57202/57203 1.37 x 10° 223£0.5 4
I June 29/30 57202/57203 372 x 10° 309 +£2.7 5
14 June 29/30 57202/57203 548 x 10° 199420 2
B June 29/30 57202/57203 6.82 x 10° 18.4 +2.4 2
U June 29/30 57202/57203 8.65 x 10° 11.4+23 2
Uvl June 29/30 57202/57203 115 x 10° 12.7 4+ 10.7 2
uv2 June 29/30 57202/57203 1.55 x 10° 29+352 2
XRT June 30 57203 1.21 x 10° (6.6703) x 1073 6
1% July 1 57204 548 x 10° 298+ 1.7 2
B July 1 57204 6.82 x 10° 204 £1.9 2
U July 1 57204 8.65 x 10° 13.8+£23 2
uvi July 1 57204 1.15 x 10° 57+79 2
uv2 July 1 57204 1.55 x 10° 41.0 £33.3 2
J July 2 57205 245 x 10° 29.9£2.6 1
H July 2 57205 1.84 x 10° 31.8+29 1
K July 2 57205 1.37 x 10° 243421 1
I July 2 57205 3.72 x 10° 42.5+4.0 5
1% July 2 57205 548 x 10° 19.6 £2.1 2
B July 2 57205 6.82 x 10° 18.9+24 2
U July 2 57205 8.65 x 10° 14.5+3.1 2
uvi July 2 57205 1.15 x 10° 73+£9.7 2
XRT July 2 57205 1.21 x 10° (47753 x 1073 6
I July 10 57213 372 % 10° 223£20 8
R July 10 57213 4.56 x 10° 23.4+04 8
1% July 10 57213 5.48 x 10° 148 +0.8 8
U July 10 57213 8.65 x 10° 5106 2
Uv1 July 10 57213 115 x 10° 6.1+13 2
XRT July 10 57213 1.21 x 10° (LOT97) x 1073 6
I July 11 57214 372 x 10° 223£20 8
R July 11 57214 4.56 x 10° 2101+ 1.1 8
14 July 11 57214 5.48 x 10° 15.0 £ 0.4 8
Chandra July 11 57214 1.21 x 10° (127503 x 1073 7
I July 12 57214 372 x 10° 20.1£1.0 8
R July 12 57214 4.56 x 10° 17.6 + 1.6 8
1% July 12 57214 5.48 x 10° 13.7+038 8

Notes. “This column displays the filters/instruments used for each observation: U (UVOT U band), B (UVOT B band),
V (UVOT/optical V band), UV1 (UVOT UVW1 band), UV2 (UVOT UVW?2 band), R (optical R band), / (optical/band),
J (infrared J band), H (infrared H band), K (infrared K band), Swift X-ray Telescope (XRT; 0.5-10 keV), Chandra
(0.5-10 keV). Data shown in this table have been de-reddened (when required) using the prescription in Cardelli et al.
(1989), with an E(B — V) = 1.3 £ 0.2 (Casares et al. 1993).

1. Arkharov et al. (2015); 2: Oates et al. (2015); 3: Shaw (2015); 4: Carrasco et al. (2015); 5: Kimura et al. (2016); 6:
Sivakoff et al. (2015b); 7: Plotkin et al. (2017a); 8: AAVSO, Kafka (2018); Observations from the AAVSO International
Database, https://www.aavso.org.
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APPENDIX C: JET MODELLING RESULTS

In this section, we show additional figures pertaining to our light-curve modelling. Fig. C1 displays an alternate version of Fig. 6, in which
we decompose the total jet model into the individual approaching and receding components. Fig. C2 displays a zoomed-in version of Fig. 3,
where we also indicate the ejection times predicted from our modelling.

150

100

Flux Density (mJy)

Time on 2015 June 27/28 (HH : MM)

Figure C1. Radio (AMI 16 GHz; bottom panel) and mm/sub-mm (NOEMA 140 GHz; top panel) light curves of V404 Cyg on 2015 June 27/28 (MJD
57200/57201). In both panels, the black lines represent our predicted best-fitting jet model at each frequency, and the dotted lines indicate the approaching
(cyan) and receding (red) components of the individual ejection events. The arrows at the top of each panel (cyan for approaching, red for receding) identify
which flares correspond to which ejection number from Table 1.
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Figure C2. Zoomed-in version of Fig. 3, showing the optical (I, B. R. and V bands; rop panel), as well as radio (AMI 16 GHz) and mm/sub-mm (NOEMA
140 GHz; bottom panel) light curves of V404 Cyg on 2015 June 27/28 (MJD 57200/57201). The vertical black lines indicate the predicted ejection times for
each jet ejection event we model (see Table 1). While ejection 2 coincides with the beginning of a large optical flaring complex, the ejection times for later
events do not seem to have optical counterparts (similar to what was seen during our previous modelling of flaring on MJD 57195; Tetarenko et al. 2017).
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