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ABSTRACT

We present observations of rapid (sub-second) optical fanakility in V404 Cyg during
its 2015 June outburst. Simultaneous three-band obsengatiith the ULTRACAM fast im-
ager on four nights show steep power spectra dominated bwsldations on~ 100-1000s
timescales. Near the peak of the outburst on June 26, a dcachahge occurs and additional,
persistent sub-second optical flaring appears close inttrgnt radio and X-ray flaring. The
flares reach peak optical luminosities effew x 10°6 ergs!. Some are unresolved down
to a time resolution of 24 milliseconds. Whereas the faseflare stronger in the red, the
slow variations are bluer when brighter. The redder slopestted power, and characteristic
timescales of the fast flares can be explained as optidaillysynchrotron emission from a
compact jet arising on size scaled40-500 Gravitational radii (with a possible additional
contribution by a thermal particle distribution). The onigf the slower variations is unclear.
The optical continuum spectral slopes are strongly aftebtedereddening uncertainties and
contamination by strong ddemission, but the variations of these slopes follow reddyista-
ble loci as a function of flux. Cross-correlating the slowiaidons between the different bands
shows asymmetries on all nights consistent with a smallked i.e., red lag). X-ray repro-
cessing and non-thermal emission could both contributegse. These data reveal a complex
mix of components over five decades in timescale during thiguost.

Key words: accretion: stars — individual: V404 Cyg — stars: X-rays:dbias — stars: optical:
variable — black holes
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1 INTRODUCTION

404 is an X-ray binary (XRB) hosting a black hole (BH) with
mass in the rangd/gu =8-15 M, (e.g. [Khargharia et al. 2010;
Casares & Jonker 2014, and references therein). It cames#d gr
prominence in 1989 as the X-ray nova GS 2023+338 (Makino
1989). Thereafter, it was found to be associated with pricel
nova eruptions of the soure®4 in 1938 and 1956 (e.d. Richter
1989), suggesting repeated long-term outbursts. In JuhB, 20e
source underwent a brief but prolific outburst, during whith
reached peak brightness levels amongst the brightest iK-tiagy
sky, with luminosities rivalling the Eddington value dugiflares
(Ferrigno et al. 2015; Rodriguez efal. 2015). Its brightnemkes
this outburst an excellent laboratory for studying masa@etion
episodes on to black hole XRBs in detail.

Multiwavelength variability can provide important clues
to the physical origin of emission in XRB outbursts. Sev-
eral studies in recent years have pointed out that rapid mul-
tiwavelength timing observations can break degeneracies b
tween emission models comprising the accretion disc, the in
ner hot flow, and the base of the jet (e.g. _Kanbachlet al.
2001; Uemura et al. 2002; Hynes etlal. 2003; Durant et al. 2008
Gandhi et al.| 2010; Casellaetal. 2010; Veledina etial. [2011;
Malzac|2014| Drappeau etlal. 2015; Uttley & Casella 2014, and
references therein). Yet, the number of black hole XRBs wéh
tections of sub-second variability remains just a few.

The June 2015 outburst 404 was also accompanied by spec-
tacular multiwavelength variability across the entirectiemag-
netic spectrum. The fastest characteristic variabilityescales re-
ported so far at any wavelength other than X-rays go downls
(Hynes et al. 2015a; Terndrup etlal. 2015, both in the optiédd
though faster observations have been carried out, thered®asno
report of the detection of significant sub-second flaringasd(df.,
Gandhi et al. 2015a).

In this paper, we present rapid, sub-second imaging obser-
vations of 404 carried out with the ULTRACAM fast imager
(Dhillon et al.. 2007) mounted on the 4.2 m William Herschelgfe
scope (WHT) in La Palma. The data were obtained over fourtgigh
and lead up to the night of 2015 June 25 (2015 June 26 UT) when
the source showed particularly intense radio and X-rayrfipaic-
tivity. We find persistent sub-second optical flaring atgivin this
night, and contrast this with the preceding nights whichendlwm-
inated mainly by slower variations with characteristic ésnales
of several hundred seconds and longer. This paper placesfgsin
constraints on the optical emission processes of the fassfiesing
timing and spectral analyses, together with qualitatigeuksion of
the slow variations. More detailed investigations will regented
in follow-up works.

2 OBSERVATIONS
2.1 Fast optical timing with ULTRACAM/WHT

The observations were carried out over several nights dutie
week of 2015 June 19-26, for durations ranging frer®0 min

to 1.5 hr. Observations on four nights were obtained undearcl
skies at low airmassg1.1), with photometry being carried out si-
multaneously in the:’, ¢’ andr’ bands. The observation log for
these nights is presented in Tgble 1. Other than one nightvdhs
pre-scheduled and coordinated with X-ray observations wie
Swift satellite, all observations were carried out on a best-efa-

sis during gaps in the normal ULTRACAM observing programme,

sometimes extending into morning twilight in order to maisen
the duration of the observing window. A few additional shaiot
servations were carried out either under worse weatheritiomsl
or in non-standard filters, and are not analysed herein.

ULTRACAM was used in its fastest ‘drift’ mode, except
on the first night when ‘one-pair’ mode was employed. These
modes allow fast, simultaneous photometry within small GG
dows centred on the target and a field comparison star within
a few arcmin of V404 Cyg. The window sizes were typically
~ 50 x 50 pixels. Cycle times depend upon window size and CCD
binning, and range from 78 ms down to 24.1 ms. Dead time was
small for most of the observations which were carried outrift d
mode & 1.1 ms), and is ignored in our analysis here. For the first
observation in one-pair mode, dead time is highei24 ms) and
constitutes 30 % of the cycle time. Its impact is noted whete-r
vant (specifically for the power spectra that we will predatr).

The field star was used to monitor seeing and transparency
variations. But404 in outburst was brighter than all stars in the
ULTRACAM field of view, especially in the reddet andg’ filters
where we have the fastest sampling, so the field star is ndtfose
relative photometry. The’ band is less sensitive than the other two,
and coadding of frames is employed to provide a gain in signal
to-noise (S/N). The coadding is performed on-chip, andviddal
coadded frames are not saved. On the first night, 6 frames were
coadded, and the other nights employed 15 coadds, iresulting
in correspondingly lower time resolution.

Data reduction was carried out with the ULTRACAM pipeline
v.9.14 (Dhillon et al! 2007). All frames were bias-subteatand
flat-fielded. Source photometry was carried out in largeueirc
lar apertures (7—14 arcsec diameter) with variable cermsé&ipns
tracking the centroid of the source on each frame. The seeasy
typically between 1-2 arcsec during the observations. $igkb
ground was measured as the clipped mean in an annular apertur

Photometric errors include Poisson noise and read noige. Ph
tometric calibration was not the focus of these observatiamose
purpose was to search for optical variability. However, tights
were clear and an approximate flux calibration was possibie u
ing zeropoints based upon photometric standard stars megbsn
some of the nights. The scatter between the nights0s04, 0.005
and 0.01 mag, respectively,in, g’ andr’. Photometric calibration
systematic uncertainties and tests are described in therfia
However, note that it is the systematic uncertainties eelab the
large line-of-sight reddening that dominate measuremehtbe
intrinsic shape of the optical spectral energy distribu{(8ED), as
we will discuss later.

2.2 Optical spectroscopy with BOOTES

Broadband filters are used in ULTRACAM, with wavelength cov-
erage including contributions from emission lines in aiddito the
spectral continuum. The most prominent optical emissina In
the case of V404 Cyg is & which falls in ther’ band. In order

to estimate the relative flux contribution ofalklwe utilised optical
spectroscopic data from BOOTES-2/COLORES. As we will dis-
cuss later, the emission line strength relative to contimisikknown

to be strongly variable, so only (quasi)simultaneous dat@ppro-
priate for such estimates.

BOOTES (acronym of the Burst Observer and Optical Tran-
sient Exploring System) is a world-wide network of robotic
telescopes| (Castro-Tirado et al. 1999, 2012), with telgssdo-
cated in Spain (BOOTES-1, BOOTES-2 and BOOTES-IR), New
Zealand (BOOTES-3) and China (BOOTES-4). Currently, ore op

© 2016 RAS, MNRASD00,[1H20
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tical spectrograph is operational in the BOOTES networkisTh

is COLORES, mounted on the 0.6 m diameter BOOTES-2 tele-
scope. COLORES stands for Compact Low Resolution Spectro-

graphi(Rabaza et al. 2014). It is sensitive over the wavéheragge
of 3800-1150@ and has a spectral resolution of 15-&0T he pri-
mary scientific target of the spectrograph is prompt follggvof
Gamma Ray Bursts, but it is also used to study optical tratsie
BOOTES—2/COLORES observed V404 Cyg on several nights
during the 2015 outburst for 300s of integration each time
(Caballero-Garcia et dl. 2015). Data were reduced usinylatd
procedures and wavelength-calibrated using arc lamps hige
est S/N spectrum was obtained on June 26, starting at UTA345
This is just over 1 h before the ULTRACAM observations on this
night (Tablél). It is important to note that the spectra aefiux
calibrated, so estimation of the relative strength of ¢an only be
made by modelling the continuum.

3 RESULTS
3.1 Light curves from all nights

The source light curves are shown in IEbZﬂM is significantly
detected in all bands and on all nights, with count ratesirgrigy
about a factor of 5 in each band across all observations. durees
count rates were found to be high in all cases, exceedihgtsG *
inu’ and 10 cts s in the other two bands. The S/N of the source
is above~ 100 per frame in alt’ light curves. The S/N iy’ and

u’ dips as low asz 10 during some of the faintest short periods, but
is typically higher by a factor of a few, at least.

Strong and smooth variations on characteristic timesazles
~ tens of minutes are present on all nights. We genericalbyr itef
these as the ‘slow variations’ hereafter. Some qualitath@nges
are visible between the first three nights, with the data ore 21
(here and hereatfter, the night of observation is referréd tdTC)
showing a quasi-regular oscillatory pattern on timescafesfew
minutes which are absent on the other nights. The most ragriki
change, however, occurs on the last night of June 26. Iniaddit
the slow variations, the light curve on this night is crowadeith
short, spiky flares (hereafter, ‘fast flares’ or ‘sub-secthaks’) for
the entire duration of about 1200 s. By contrast, the firstriights
show no such sharp flares, while the third night (June 25) show
only a few, isolated periods of flaring, discussed later.

Fig.[2 enlarges the flux-calibrated June 26 lightcurves fatim
three bands for clearer comparison. After an initial obston
385.2 s in length (hereafter, epoch 1) on this night showegbths-
ence of obvious fast flaring activity, the observation wassed,
sped up, and continued for a further duration of 788.6 s (e[@)c
The g’—r’ colour evolution is also plotted. The slow variations are
seen to have stronger peak-to-peak variability in the bfilters.
This is apparent from the fact that the colour is bluer (senafl—

r’) when the source is brighter, and redder when fainter. Iy flais
is true for all nights of data, as we will discuss |afer.

In contrast to the stronger blue variability of the slow wari
tions, the figure clearly shows that the fast flaring is stewrig r’
than ing’. This is apparent from strength of thé flares in the
main panel, and the momentary reddenigt~’ colour spikes)
at the times of the fast flares in the middle panel. We remied th
reader that the/’ band has an intrinsic time resolution 15 times

1 Also apparent in the overlays presented by Gandhilet al 5201

© 2016 RAS, MNRASO00, [1H20

lower than the other bands on this night, so is unsuitabledan-
parisons on the fastest timescales. We will analyse thesptiep of
the fast flares and colour trends in more detail shortly. \&le edfer
the reader to the supplementary Appendix Eig. A2 whichfitates
this further.

It is worth noting that the sub-second flaring is clearly much
stronger than atmospheric scintillation noise, whose rtage can
be gauged from the simultaneously-observed comparisofigta
curve in the same figure. The comparison star shows a frattion
r.m.s. Fyar;Vaughan et al. 2003) of 0.010-0.016 across the bands.
This r.m.s. will include contributions from both Poissordatintil-
lation noise.Fy,, for the source is much stronger, at 0.075-0.096,
over the entire light curve, i.e. over the full Fourier fregay range
(see following sub-section).

3.2 Power spectra

Fig.[3 shows the power spectral densities (PSDs) in rms-alised

v P, (Frequencyk Power) units. The PSDs for the observations on
all nights are compared on an identical scale. PSDs were ai@thp
over long sections of 4096 s for the first three nights, andteho
sections of 256 s and 512 s respectively for epochs 1 and 2eon th
last night, according to the length of the observations. PB®s
were corrected for constant white noise at high Fourieruesq
cies using standard formalisms (Vaughan ¢t al. 2003). litiaddo
photometric measurement noise, scintillation noise b&sonon-
negligible at high Fourier frequencies for ground-basedeoln-
tions. Osborn et al! (2015) provide estimates of the madaitof
scintillation noise for the La Palma site, and we used their7E
to add in this noise component in quadrature for the comioutat
for white noise. However, the estimates of Osborn &t al. aseth
upon median atmospheric turbulence profiles, so may overatst
the true white noise component in case of low turbulenceckses
where the estimated white noise level exceeded the meaB&Bd
at high Fourier frequencies, we instead used a constantdelrtiee
PSD level at the three highest frequencies and used this &aa m
sure of the white noise. Finally, a logarithmic frequencyiriang
was applied.

The figure shows steeply falling PSDs over the first three
nights. Fitting a simple power law modé}, « »* to these PSDs,
we find typically slope® ranging fromr—1.6 to —2 below~ 1 Hz.

At the lowest Fourier frequencieg 0.01 Hz, the PSD bends into
an even steeper component. This second component apppars es
cially prominent on the second night of June 21, when it eoé

on timescales of> 500 s and is likely associated with the repeated
oscillatory behaviour visible in the lightcurve in Hig. b &l these
cases, power increases by a small factor in the bluer bayps (t
ically 1.3 in ¢’ and 1.7 inu’, respectively, relative te’). These
are again a reflection of the stronger peak-to-peak slovabiti

ity in the bluer bands apparent in the light curves and higttéd

in the previous section. The effect of dead time is to ineeas
noise floor and alias power towards low Fourier frequencies b
cause some of the high frequency power is not directly sanple
This would affect mainly the first night of data (obtained amé-
pair mode’; see Observations section) when dead time isfsign
icant. Despite this effect, the behaviour of the PSDs onrilght
appears very similar to the other nights. Moreover, a stegépoise
optical PSD has also been reported during the present V464 Cy
outburst by Hynes et all. (2015b) and Wiersema (2015). Dzetail
investigations of these PSDs sampling the slow variatioitishe
presented in later work.

Here, we focus on the PSDs from the last night of June 26
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Figure 1. ULTRACAM light curves in ct rate units for all nights. Time dhe x-axis is relative to the start of the observation on ttiglit. The main features
that stand out are smooth and ‘slow variations’ on all nightel ‘fast sub-second flares’ mainly on the last night on 26ndhe second night of June 21
additionally shows an oscillatory pattern on intermediateescales of a few hundred seconds. The median size ofdtistisal errors for all light curves is

denoted by the small vertical bar within the circles below fitter names.
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Start Time MJID Duration g’r’ Cycletime g¢'r’ Exposure time  # of’r’ frames ' Coadd factor
uTC uTC S ms ms

(€ @ ®) 4) ®) (6) @)
June 20 04:10:34.1 57193.17400622 4442.1 77.8 53.8 57065 6
June 21 03:40:23.6  57194.15305147 5900.0 35.9 34.7 164500 5 1
June 25 03:37:08.7 57198.15079469 6481.4 35.9 34.8 180350 5 1
June 26 epoch 1 04:52:35.4  57199.20318799 385.2 35.9 34.8 71810 15
June 26 epoch 2 05:00:08.8 57199.20843491 788.6 24.1 22.9 78032 15

Table 1. ULTRACAM Observations log. Columns (1) and (2) show the tstanes of the observations, and Col. (3) the duration of thkticurves. The
effective cycle time between consecutive frames and tlegiiation (exposure) time of each frame are in Cols. (4) ahd¢Spectively. The dead time is the
difference between these, and is large only for June 20. Theber of frames foy’r’ in each observation is tabulated in Col. (6). Ttfeband has a lower
number of frames because of the on-chip coadding facttedlis Col. (7).
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Figure 2. ULTRACAM light curves from 2015 June 26 (UTC) of V404 Cyg (maiottom panel). The first (0—-385s) and the second (453-1)2d@axchs

of observation were separated by a short gap. The light suraee been offset slightly for clarity. This figure clearhows the high density of fast flaring
activity, which is strongest in’, followed by g’. The Top panel shows the comparison star light curve (ehlg shown for clarity); its small scatter (1.11%
around mean) demonstrates the stability of observing tiondi The middle panel shows the source colour fogthendr’ bands which have the highest time
resolution. We remind the reader that tifelight curve has lower time resolution by a factor of 15 thaa ¢ither two bands, so is not suitable for comparing
the fast flares with the other bands. Comparing the middlebattdm panels, the slow variations are seen to be bluer lgngétr’ colour) when the source
is brighter, and vice-versa. The instants of the fast flasirggalso associated with momentary reddening.
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which shows fast flaring activity. The PSDs in the bottom pg&ne
of Fig[3 show a striking difference with respect to the poes
PSDs, in that they now display a strong and broad hump at ¢gte hi
est Fourier frequencies, extending ove0.1-10 Hz. This hump is
completely absent on the other nights, and the peak powérein t
hump is about 100-200 times higher than the power seen during
the previous nights at- 1 Hz. Furthermore, it is now the redder
bands that carry more power abovd®.05Hz. At lower frequen-
cies, there is a changeover to the bluer bands dominatingidiae
variations — a behaviour that is similar to the previous tsgfhis
changeover is best visible for the second epoch, where ghe li
curve duration is longer. This also has finer sampling, dlgvthe
PSD to be generated over a broad range from 0.002 Hz up to the
Nyquist frequency of 20 Hz. A steep up-turn is apparent below
the hump around a frequency of 0.01 Hz. We found that when fit-
ting the hump with a Lorentzian component, the lower freqyen
part of the PSD required two power laws to describe. In Table 2
we show the parameters for a double power law plus zerothr orde
Lorentzian fit to they’ andr’ data for this epoch. One of the power
laws is found to be very steep. We caution, however, thatdlze r
tively short duration of our light curve does not allow us todsl

the low frequencies well, and our model should only be taken a
a parametrization of the PSD shape. Thdight curve was slower
and the PSD has lower S/N, but it qualitatively obeys the daamel
asg’ andr’.

By integrating the rms-normalised PSD over any given fre-
guency range, the fractional variance of the light curver dkiat
range can be determined. For the sub-second variabilitgtwisi
the focus of our work here, the fractional r.m.s. over 1-20btz
the fastest June 26 epoch 2 light curve constitutes 20 % aftl 12
of the total fractional r.m.s. in’ andg’ reported at the end ¢{3.7,
respectively.

3.3 Fast flares

We next investigated the properties of the fast flaring bighenon
June 26 in more detail. The high density of flaring makes ftadift

to see the flares clearly in Fid. 2. So in . 4, we present zoom
in plots for the epoch 2’ light curve, concentrating on this band
because it is the light curve with the strongest and fasimsn§.

The PSDs for the same data set (Elg. 3) show that flaring on
a range of short timescalgs10 s manifests as a broad continuum
hump in the frequency domain above0.1 Hz. Here, we examine
the properties of these fast flares in the time domain. Weestar
by detrending the light curve in order to normalise out travsl
variations. This was done by using a running 20 s clipped ni@an
define the local continuum count rate at every time bin, aed th
dividing by this continuum count rate to create a normalikgiat
curve. A flare was then defined as one showing at leastaflL@-
tuation in the normalised count rate light curve, wheteere refers
to the background scatter introduced by atmospheric Haiiin,
measured in the comparison star light curve. A selected Warse
also required to be the brightest point within a contiguausri
val of 10s (At=+45s around the peak). This was done in order
to select unique flares only and avoid double-counting ire ads
complex flare profiles. The choice of 10 s as the interval was mo
tivated by the lower frequency threshold ©f0.1 Hz above which
the Lorentzian hump dominates the PSDs.

We found 74 flares using the above criteria, with a mean flare
peak strength of 23 % above the continuum count rate, andanith
average time interval between flares of 10.6 s. The brigffitest
occurred 369.97 s after start and showed a peak stread®o

1.3

1.2

Normalised counts

-1.0 -0.5 0.0 0.5 1.0
Time around unresolved flares peak (seconds)

SIS

Figure 5. Twelve flares dominated by their unresolved narrow cores/sho
in grey, and their mean in bold black.

in count rate (or 0.63 in mag). The lower zoomed panel in[Fig. 4
shows this flare in close detail, together with other neaeafres.

At half maximum height, the full width of this flare iss 70 ms.
Most flares, including this one, show complex profiles wittr@elol
base and/or multiple neighbouring sub-flares around awarooe.

We select the 10 brightest flares (highlighted in the cepiaakl of
Fig.[4) for characterisation. Fitting a Gaussian to the nafile,

we find a narrow core with a full width at half maximum (FWHM)
of 345 (+ 1) ms. But as the PSD shows, there is significant flaring
on timescales even shorter than this. For instance, clopdsir 1

s (i.e. a contiguous interval of 2s for unique flare selegtiore
find 172 flares with a time interval between flares of 4.6 s. Give
the complex flare profiles, even higher flare rates can bereder
by using other methods to define and count flares. So the beght
selected flares do not necessarily tell us about the fastesidl
activity.

We investigated this further by selecting flares that are-dom
inated by arunresolvedharrow core. This was done by requiring
that the central single 24 ms time bin at flare peak be at Idastar
of 2 higher (above the continuum count rate) than its imtetia
adjacent bins on either side, in addition to being the beghpoint
within 4+ 1 s. Twelve such flares were found, and are plotted aligned
to their peaks and superposed in Elg. 5. The profiles are again
plex, with sub-flares visible even withih 1 s. But the mean profile
clearly shows an unresolved peak dominating above a brosel ba
This mean profile peaks 17 % above continuum. So there arasit le
some flares with cores apparently narrower than 24 ms.

Finally, we highlight two short periods of significant sub-
second flaring which occurred on the preceding night of J&ne 2
These are presented in Hif). 6. These flaring episodes arerconc
trated within~ 30-40 s and are remarkable in their sudden appear-
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Band B1 B2 s Vmax ledOf
(Hz)
7! -2.50M959  —0.77709%  0.06+0.01 070095  8.1/5
0.19 0.38 0.09
g -2.897052  -0.69703] 0.04:0.01 06900;  59/5

Table 2. Double Power law + zero centred Lorentzian fits to tieand g’ second epoch PSDs for June 26. The Lorentzian functionat fsrP(v)

r2A/m/[A% + (v — v9)?], as defined by Belloni et al. (200Dmax = 4/v2 + A2, wherer, A, andvmax refer to the integrated rms (over the full range
of —o to +00), half-width-at-half-maximum, and characteristic fregay, respectively. The slopes of the two power laws@rand 32. Errors are for a
A x2=+2.71, or 90% confidence for a single parameter of inteF&sta zero centred Lorentziang =0, SOA = v ax.
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Figure 3. u/g’r’ power spectra (PSDs) inP,, units for all nights compared on an identical scale. Colauesas in Fig. 1. The slow (low Fourier frequency)
variations are stronger in the bluer bands on all nights. Aigk frequency (fast flaring) behaviour is dramaticallyfetiént in both strength and colour on

June 26.

ance and disappearance in the otherwise smooth light come d
nated by the slow variations. We examined the relative gthenof
these flares between the bands, and found that they shovgstron
flaring inr’ than ing’, very similar to the fast persistent flaring on
the final nights. No such episodes were detected during therob
vations on our first two nights (June 20 and 21).

3.4 Spectral indices of the fast flares and the slow variation

In section§ 311 arld 3.2, we found that the fast flares aregardn
the red than the slower variations. An examination by eyehef t
strongest flares in Figl 2 shows that they momentarily redden
source colour by up té\(¢'—’) ~ 0.1 mag. Here, we quantify the
evolution of the source colour in more detail.

© 2016 RAS, MNRAS000, [1H20

Fig.[1 shows they’— colour vs. source brightness for every
time bin during the second epoch on Jun 26. There are two clear
regimes visible. The majority of points follow a locus exderg di-
agonally upwards to the left, showing a bluer (smaller) aolehen
the source increases in brightness. But above this locagrehd
is reversed, with the source becoming redder (lagger’ colour)
at the instants when it is brightest. These two regimes septehe
slow variations and the fast flares, respectively. The catbanges
by =~ 0.1 mag in both regimes. Using a Kolmogorov-Smirnov test
to compare the colour distribution of the 10 brightest, uriflares
selected in the previous section with the colours of all #raain-
ing time bins yields a null hypothesis probability o&210~7, i.e.
the two distributions differ significantly.

The right panel of the same figure shows the mean ULTRA-
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CAM optical SED of the slow variations and of the fast flares.
The former was constructed by binning all lightcurvesxtd s
This effectively smooths over much of the fastest flaringyvieg
slower light curves dominated by the longer variations. épsd
magnitudes were dereddened assuming=4 mag [(Casares etlal.
1993;| Hynes et al. 2009) and a standard Galactic reddening la
(Cardelli et al! 1989), resulting in’g'r’ SEDs for each time bin
in the slow (binned) data, whose mean is shown in the figure. Th
fast (unbinnedy’r’ light curves were similarly dereddened and the
total SEDs at the times of the 10 brightest flares extractée. T
mean SED of these flares is also shown in the figure in red.

The SEDs of both components are found to be rising towards
the red betweerwy’ andr’, with the SED for flares rising more
steeply than the slower variations. Betwegnand «’, the slope
reverse and rises towards the blue for the slow variations. JED
slopes were quantified with spectral indieesdefined ag}, o v
and measured between the central frequencies of two fikershe
mean of the slow variations, we fird,  =-0.45+ 0.09 between
¢’ andr’, anda? =+0.374+0.11 between andg’. The quoted
error here is the standard deviation scatter over all tims.tih con-
trast, at the times of the fast flares, we find a significantyegér
mean slope with{  =—0.68+ 0.09.

It is important to note that these spectral indices can be
strongly affected by systematic uncertainties on the nege A
10% (0.4 mag) error odly can change the spectral slopes greatly,
as shown in Fid.l7. However, this does not affect the fact titat
fast flares areedderthan the slow variations.

The total SED at the times of the fast flares will also include
the contribution from the underlying slow variations, besa the
light curves appear to show that the two components areiegldit
Therefore, subtracting the total SED at the times of theffasts
from that of the slow variations would yield an estimate af tin-
derlying variable power law (PL) associated with red flaramgjv-
ity, for which we find a median, .. =—1.26 with a standard devi-
ation of 0.38. The 10% uncertainty oy, introduces a systematic
uncertainty of 0.50 to this power law.

3.5 Cross-correlating the optical bands

A cursory examination of Fi§] 1 shows that the slow variagiomall
three optical bands are broadly similar. In addition, tHe-second
flaring appears to occur fully simultaneously in bgthandr’, as
seen in the superposed light curves from June 26 iriFig. 2dero
to check for any subtle inter-band lags, we computed theseros
correlation functions (CCFs) between pairs of light cureasach
night.

We began with the June 26 CCF between the full resolugfon

cross correlating, and also by use of the discrete coroeldtinc-
tion (Edelson & Krolik 1988).

The result in shown in Fif] 8 for epochs 1 and 2 for time delays
relevant for the fast flaring activity (in this case, we usgdx =5s,
and then zoomed in to the peak for display). The CCFs areljarge
symmetric and show a peak strength well over 0.8 at a peak time
delay of 0s. In other words, there is strong correlation ketwthe
bands, and no obvious systematic time delay, as is alsoeqmfar
the fast flares from the light curves in Hig. 2.

We next focused on the correlations on longer timescales. In
this case, we also include thé data which has slower sampling.
We rebinned the'g'r’ light curves on all nights toa 1 s sampling
(in multiples of theu’ intrinsic time resolution). We found that, as
we investigated longer and longer sections by increasing, an
interesting asymmetry began to appear prominently, wihGEF
skewed towards positive redder band time lags on all niddds-
ever, our finite light curve durations are not long enoughtees-
tigate very long separate sections independently. As aroaippa-
tion, one can compute the CCF using the entire light curvatdar
(duration =2x Tmax), as long as one keeps in mind this caveat.
this case, we have no associated uncertainties for indepesdc-
tions.

In Fig[9, we show these CCFs computed using the full light
curve durations separately for each night. Results are rsow
both theg’ vs.«' CCFs and the’ vs.u’ CCFs, zoomed in around
the peak. Again, the CCFs are strongly correlated. The paaks
clearly much broader than the CCF relevant for the fast flares
Fig.8, as we are focusing here on the longer timescales hvani
dominated by the slow variations on these nights.

But all CCFs also show the aforementioned skew towards pos-
itive lags] The skew in the’ CCFs is larger than foy’. A red
skew is indicative of the presence of red lags for the slow-var
ations (with respect to the bluer photons). In fact, the CORs
June 20 peak around lags sf+6s ¢’ vs. u') and~+3s (g’ vs.

u’), and on June 21, at+1s ¢’ vs.u’). Examining various sec-
tions of the light curve individually, we indeed found evide for
changing CCF lag strengths between sections.

But the CCF lags and shapes also appear to change between
the nights (although the red skew is present in all). Thiskisly
a reflection of non-stationary behaviour of the light curwekich
manifests as the CCF changes. It is clear from Fig. 1 thatltve s
variations do show nightly changes, but our light curve tars
do not fully sample these. This evolution needs to be ingattd in
detail. This is best done in Fourier space by computing theieo
lags and coherence, and by including other long-term dpticai-
toring data gathered during this outburst, which we leavéuiure
work. We note in passing that a similar skew towards posttive
delays for the redder bands has also been observed in V404 Cyg

n

andr’ light curves. The procedure for CCF measurement has beenduring quiescence (Shahbaz €f al. 2003).

described in_Gandhi et al. (2010). Since #ieandr’ light curves
have identical sampling, we simply choose a maximum timeydel
(Tmax) that we are interested in investigating, and compute the CC
for all time delays spanning the range @fumx t0 +rmax. Uncer-
tainties can be computed by dividing the full light curveoiimde-
pendent sections of length27,.x and computing the CCF scatter
between the sections. Since Poisson noise is relativelit,smeedo

not correct for it here. We checked the CCFs with two methods —
by interpolating the light curves to a regularly sampled dréfore

2 More precisely, the binning factor was the closest integettipie of the
u' time resolution to 1's which, for this night, is 1.083's

© 2016 RAS, MNRASO00, [1H20

3.6 Optical spectroscopy

The BOOTES-2/COLORES optical spectrum is shown in[Eig. 10.
Strong and single peakedcHline in emission is the strongest
feature. HB appears weaker but is significant. H(a38761°x and
6678]—\) lines are also observed, in addition to an emission line at
~ 7100A that might correspond to H&7065A.

3 This red skew due to the slow variations also contributeskiyean
June 26, and is faintly visible in Figl 8, although the CCFliistcase is
dominated by the fast flaring.



10 P. Gandhietal.
r' gl u'
T T T T T T T
o al i
11.2F ©
o)
3t
o)
o)
11.4}F o =
NES
= 2,
= 1161 © 7 \‘3\;2'\0\'\531
Sloy NN —~ x0.
T > O'Q oigon
11.8}F
1tk LA, =04 mag -
12.0t 1 1 1 1 ] ] ]
1.5 1.6 1.7 4 5 6 7 8 9

g - r' colour (mag)

Spectral Frequency (10" Hz)

Figure 7. (Left) Colour vs. magnitude for each of the 32,780 time bins of tséfaandr’ second epoch light curves from June 26. The 10 brightesueni
flares selected in Fif] 4 are highlighted with red circ(@ght) The mean.’g’r’ dereddened SED of V404 Cyg during the second epoch June 26évakien
measured at a time resolution ®f1 s is shown in black. This is contrasted with the mean §&st SED from the times of the 10 brightest, unique flares
(24 ms cycle time) in thick red. The hatched zones show tleeedif 10% dereddening uncertainties for both these compsnand the grey arrow shows the
decrease in the’ flux after removal of the contribution ofddto the broadband photometry. The SED of the flares alone thedlifference between the fast
and the slow SEDs — has a steep slcﬁé ~—1.3 (not shown for clarity).

ares

1.0 T T
i B Jun 26 Epoch 1 (+0.1)
Jun 26 Epoch2 — |7

r'vs.g CCF

-1.0 -0.5 0.0 0.5 1.0
r' Lag (s)

Figure 8. g’ vs. v’ CCF for the first and second epochs of the fast flaring lighvesifrom June 26, computed and averaged from sections athleng

2 X Tmax = 10s, with the uncertainties being the propagated errohemean between sections. A small offset of 0.1 is appliethé¢cepoch 1 CCF for
clarity of display.

© 2016 RAS, MNRASD00,[1H20



Multi-component optical variability in V404 Cyg

June 20
1.00 L

0.98

0.96

CCF

0.94

June 21 June 25

0.92r rvs.u — .
Clgvs.uoe
0-90 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
-:30 -20 -10 0 10 20 -20 -10 0 10 20 -20 -10 0 10 20 30
Lag w.r.t.u’ (s)

Figure 9. g’ vs.u/ andr’ vs.u’ CCFs for the nights dominated by the slow variations, coegbfitom light curves binned to 1s. In this case, the entitet lig
curve was used for computing the CCFs, and no averagingrpegth The panels are zoomed in on the peaks, separatelyclongght. The lag on the x-axis
is with respect to the’ in all panels, with a positive value implying a lag of the redghoton with respect ta’.

The equivalent width (EW) of the most prominentaH
line was measured by fitting a Gaussian line and continuum
model over the wavelength range of 6450—684@and we find
EW=107.9+ 9.3A.

In order to estimate the contribution of the line to elipho-
tometry, the spectrum needs to be convolved with the SDSS fil-
ter response. Since our spectrum is not flux calibrated, we- mo
elled the continuum under two extreme assumptions encimgas
a broad range of possible spectral slopes:+2 for a blue rising
continuum, andv=-2 for a red continuum (withx being the con-
tinuum slope as before). The modelled continuum is norredlts
that in the observed spectrum at 65630 that the relative strength
of the emission line is preserved at its central wavelength.

We then estimated the emission line contribution by convolv
ing these spectra with the SDSS filter response, both witiwéihel
out the addition of our fitted Gaussian emission line to thel@ho
The result is that i contributes between 8-11 % to thephotom-
etry. The magnitude and direction corresponding to a cbareof
11% are illustrated by the grey arrow in the right-hand pasiel
Fig.[1.

On this night, we only have a single observation ia.H
Follow-up observations on the night of June 29 showed variat
in EW(Ha) by factors of~2 on timescales of tens of minutes
(Caballero-Garcia et &l. 2015). So the correction coulepidlly
be even larger, though it is worth noting that the source Wwasdy
significantly in decline on June 29 and displaying differeimarac-
teristics to outburst peak.

4 DISCUSSION

What can we learn about the origin of the source variability- d
ing the 2015 outburst from the high temporal resolution aati
lightcurves?

Firstly, the source shows strong fluctuations in all bands an
on a variety of timescales. There are at least two comportents
the overall variability: 1) relatively slow and smooth \&tions
with PSD rising steeply towards low Fourier frequencieg] ah
fast sub-second flaring. Both the Fourier power and spextalir
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Figure 10. Optical BOOTES-2/COLORES spectrum of V404 Cyg from
2015 June 26. The red dashed curve shows the optical SD8er re-
sponse. The spectrum is not flux calibrated.

of these components changes over the course of the outibhest.
slow variations appear to be present on all nights [Fig. tig Jub-
second flaring is persistent only on the last night (June 2, UT
though it does appear sporadically on the night immedigtety
ceding this (June 25; Figl 6). The slower variations arerolteen
brighter, whereas the sub-second flaring displays the aeosnd
(Figs[2[3).

4.1 Origin of the sub-second flaring

With an orbital period of 6.47 days (Casares ef al. 1992),ethe
pected binary separation in V404 Cyg~sl100 light-seconds, im-
plying a large accretion disc size. So the fast sub-secoresfieen

by ULTRACAM are too speedy to be caused by standard repro-
cessing on any extended structures like a disc or outflowiatpm
rial. Their steep red spectral slop§3[4) could, instead, be con-
sistent with optically-thin synchrotron emission (altigbusee next
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paragraph for further discussion). We observe flaring omgeaaf
timescales, with some of the sub-second flares being uressol
down to our best time resolution of 24 ms, which would corre-
spond to a light travel time across 580: (Gravitational radii) for

a 9 Mg BH. This is consistent with the expected and inferred sizes
of the jet base during hard state outbursts of some other XRBs
Markoff et all.l 2001, 2003; Casella et al. 2010; Gandhi &t @12
2011; Kalamkar et al. 2015). So, both the characteristiesicale
and the spectral properties of the fast flares can be acabfmte
with optically-thin synchrotron emission from a jet. Moxeo, if a
single population of particles is emitting broadband radiaspan-
ning bothg’ andr’, we do not expect any time delay between
the two bands, as observed (ffib. 8). The fact that flaring is pe
sistently present on June 26 implies that the emitting jeezis
also persistent throughout the length of this observatibleast. A
(quasi)stable compact jet could then be the source of thexsesfl

Assuming an extinction ofly =4 mag, we find the slope of
the power law of the fast flares (above the slow variations) to
beaf, ..=-1.3+0.4 §B.4). The distribution of jet plasma ener-
gies ) is related to the observed spectral slope in the optically-
thin power law a® = 1-2« (Rybicki & Lightman| 1979), implying
p=3.61+0.8. This is steeper than is typical for optically-thin syn-
chrotron in XRBs, for whichw ~—0.7 (andp ~ 2.5) is more com-
mon (e.g.._ Hynes et al. 2003; Gandhi et al. 2011). Steep pawer |
slopes have been observed before (cf. the cases of XTE JAG50—
XTE J1118+480 and Swift J1357.2-0933 where:—1.3 to -1.5
were observed; Russell et al. 2010, 2013; Shahbazlet al).2813
mixture of thermal and non-thermal particle energies cquaitbn-
tially explain such a slope. Cyclotron-like emission hasodbeen
invoked to explain the fast optical flaring seen in other sesr
(Fabian et al. 1982). However, we again stress that redgenin
troduces a significant uncertainty of 0.5 in these opticalgrdaw
spectral slopes, potentially making them consistent wyittically-
thin synchrotron at face value.

404 clearly possessed a strong radio jet during the presént o
burst, and our June 26 observations were closely contemeous
with a giant radio flare reported by Trushkin et al. (2015&)isT
can be seen in Fig11 which shows the long-term RATAN 22 GHz
radio light curve measured by Trushkin et al. in the top paarad a
zoom-in around our June 26 ULTRACAM observation in the lower
panel together with the 13.9 GHz lightcurve from the AMI tele
scope which also caught the flare. This was the strongest fladeé
of the 2015 outburst. So it is not surprising that there istzga-
tribution to the optical emission at this time. It should bsead,
however, that the radio spectral index shows dramatic wanis.
in time, swinging between positive (optically-thick) andgative
(optically-thin) values (Trushkin et al. 2015). Some ofsbswings
may be related to time lags between the various frequenages,
pointed out from radio and sub-mm monitoringlby Tetarenkallet
(2015). If so, then it is non-trivial to extrapolate betweba radio
and the optical bands using a simplistic power law, say.

How much power do the optical flares carry? We corrected
the ' light curve of the source for interstellar extinction of
Av =4mag using the standard reddening law|_of Cardelliet al.

Russell et al. [(2013), the integrated luminosity in the Ibiegt
flare between the assumed break and ghdand is similar, at
Ly, ~5.4x 10 ergs™'. For comparison, we also state
the integrated luminosity in thmeanflare SED plotted in Fid.]7,
which is L,,,... —4)~3.0x 10°° ergs " above the underlying
slow SED. In the jet scenario, this represents a lower limithe
integrated jet radiative power, with contributions at lengvave-
lengths extending to the radio at one end, and at higher érezgjes
extending up to the (unknown) cooling break, unaccounted fo

Knowledge of the break frequency( can be used to con-
strain the magnetic field strength in the synchrotron engjtti
plasma. This has been done in a number of recent works asgumin
a single zone plasma under equipartition (e.g. Chaty|etGdl1 2
Gandhi et all 2011; Russell et al. 2013; Tomsick et al. 209%).
do not detect an obvious break within the ULTRACAM spec-
tral range, but the optically-thin slopes that we measurplym
v, < 4.8x 10" Hz (ther’ band central frequency). If we assume
that the fast flares do originate from optically-thin syrathon
then, using the meanrf flux for the bright flares (Fid.l7) together
with Egs. 1 and 2 from Gandhi et|al. (2011) for the magnetidfiel
(B) and radius R) of the emission zone, we fin < 1.7x 10° G
andR >140R. Here, we have assumed a scale height of 1 for the
optically-thin region relative to its emission radiiS(as defined in
the appendix of Chaty et al. 2011) because the fast flaresariast
from a compact region; however, we note that the above @lcul
tions are quite insensitive to the scale height and the gssomof
equipartition. The above lower limit oR inferred from the SED
is consistent with the upper limit of 500R¢ derived from the
variability timescale of the unresolved flares.

Strong fast flaring is persistent during only one of our four
nights of observation. On the preceding night of June 25, s{io-
radic and short-lived (Fi§]6). So it is clearly much morentra
sient as compared to the slower variations which persistlon a
nights. Fast flaring unresolved to a time resolutionaf—2 s was
also found to be brief and sporadic by Hynes étlal. (2015a) and
Terndrup et al. (2015), for periods of up4025 mins. If the source
of this sporadic variability were also the compact jet, thizuld
imply strong changes in the compact jet spectrum on timescal
as short as~ 100 s, as a result of which the rapidly variable opti-
cal synchrotron component appears and disappears on timese t
Variations in the location of the break frequency have been p
viously reported in the infrared SED of GX339-4 (Gandhi et al
2011) sampled at timescales ©f90 mins and less. In addition, it
is noteworthy that V404 Cyg itself has also been found toldisp
dramatic swings in its radio jet spectral index during qoégse on
timescales of tens of minutes (Rana et al. 2015). For coests,
we note that we cannot rule out a transient clearing (dulfiege
short periods on June 25, and for the full duration of our olz@®n
on June 26) of an otherwise persistent screen of absorbitigma
which then reveals fast variability in the inner source oegi

We note that our observations were also closely contempo-
raneous with some of the strongest X-ray flaring activitynsige
the 2015 outburst of04. This is illustrated in Fi11 which shows
the publicly available long-term 25-200 keV X-ray lightearfrom

(1989) and computed the peak power in the strongest observedthe IBIS/ISGRI instrument on board thtNTEGRAL satellite

flare (lower panel of Fi§l4) above the underlying slow mean
as vL,=4.1x10*ergs!, or 0.4% of the Eddington lumi-
nosity, at the central’ band wavelength of 6234 and for
a distance of 2.4kpc(Miller-Jones et al. 2009). Assumingt th

(Kuulkers 2015). The zoom-in on June 26 shows that the ULTRA-
CAM observation coincided with the penultimate strong h&rd
ray flare (at~ MJD 57199.2). The next X-ray flare (centred around
~MJD 57199.7) was the very brightest flare of the entire 2015 ou

the observed steep power law extends down to a frequency ofburst, following which the source began its decline to queese

1.8x 10** Hz where a synchrotron spectral break,) was in-

(Segreto et al. 2015; Ferrigno et al. 2015; Martin-Carefi@l.

ferred to be present in the hard state of the 1989 outburst by|2015%] Sivakoff et al. 2015). In contrast, the source X-rayntgate
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during at least two of our prior observations (June 21 andn2f)
fainter by at least an order of magnitude than on June 26 €Tdmer
no INTEGRAL observations from the first night of June 20. So it
may be that there was strong, fast flaring on June 26 in theapti
because that was when the source was particularly activadio r
and in X-rays. One may speculate that we are observing jettsct
related to the ejections in a final, massive flare and sounsedsh
but this needs further investigation.

4.2 Origin of the slow variations

The origin of the slow variations is less clear. They differfi the
sub-second flaring in several aspects. Their charactetiistescale

of several hundred seconds is, of course, orders of magnitud
longer than the fast flares. In addition, they also differemis

of their colours (being bluer when brighter, with strongariabil-

ity power in the bluer bands; Fig. 3) and also appear to be much
more persistent over the entire set of ULTRACAM observati@s
well as other observations; Hardy efial. 2015; Hynes let d5B(&;
Terndrup et al. 2015%; Wierserna 2015; Scarpaci et al.|2016jeM
over, there is evidence for positive time delays and skewé&<C

in the sense of the redder bands lagging the blue[(Fig. 9)lorwe
timescales and red lags argue against optically-thin éomi$om a
single-zone compact jet, whose emission is likely to varymrch
faster timescales and be correlated between the bands.

The SED spectral slopes are certainly bluer than those of the
fast flares on the night of June 26 (Fiy. 7). What about thetsglec
slopes on the other nights? Higl 12 shaws.. (¢, ) as a function
of flux for the slow variations on all nights. This is similar the
colour—flux plot for June 26 (Fifg] 7), with a larger (posijivapec-
tral slopea here being equivalent to a smaller (blugty+’ colour.
There are clear and strong variations in spectral slopel pights,
with a full range of variations ofA«ag.w Of ~1.7. Yet, there are
underlying patterns to these variations. In particulagréhappears
to be a diagonal locus of variations in thg.,—flux plane, with
slope increasing as the source becomes brighter. The stdpis o
variation is approximately similar on all nights, althoutjte first
night of June 20 shows a systematic offset from the otherts@h
Furthermore, the night of June 25 shows an additional el waiff
towards the lower left in this plane towards steep negatoes as
the source dims (this occurs during the sharp flux drop at tide e
of the observation on this night; FIg. 1).

Any model for these slow variations must be able to account
for these dramatic spectral slope variations. However, lae @au-
tion that the absolute values of . are subject to significant
uncertainties. The dereddening uncertainties of 10% dslin
sectio 3% introduce a systematic shift Afvgow = 0.5, denoted
by arrows in the figure (and also shown as the shaded regions in
the SED of June 26 in Figl 7). Furthermore, tha Eimission line
contribution was found to be 11% in analysis of our opticacsp
trum quasi-simultaneous on June 26. Removing this can yteld
continuumspectral slope free of & which is larger (bluer) than
asiow(9',7") by Aagiow ~+0.39. The magnitude of this correc-
tion is also shown in FigEl 7 and]12. Whereas other emisses li
such as K would affect the other bands, their effect is expected to
be smaller. However, & is known to be strongly variable during

4 This offset corresponds to a flux offsetxsf10% (either a decrease i

or anincrease in’ by this factor would shift the locus for this night to be in
agreement with the others, though we could not identify anauls source
that could introduce such as shift).
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the outburst (e.g. Wagner et al. 2015; Munoz-Darias let &l520
Scarpaci et al. 2015%; Caballero-Garcia et al. 2015), anchglesi
average correction is undoubtedly an over-simplificat®en all
these potential systematics, we are cautious about dreavipgle-
tailed conclusions about the slow variations, and restiicselves
to a more qualitative discussion below.

Can reprocessing explain the ULTRACAM light curves? Us-
ing X-ray observations from th8wift satellite carried out simulta-
neously with the June 21 ULTRACAM runh, Gandbhi et al. (2015b)
found a close correlation between the slow optical and Xveaia-
tions, with an optical delay on the order of tens of secongsci-
ically, the correlation was found during the time when theilts
tory pattern with a characteristic timescale of a few huddsec-
onds was present on this night. Such a delay would be consiste
with a reprocessing origin for the expected size of the dimrelisc
in V404 Cyg. If so, the oscillatory pattern could potengalésult
from X-ray reprocessir{a.But this oscillatory pattern is not obvi-
ously present on the other nights, suggesting that anyibation
from reprocessing may be changing between the nights. 3higi-
ported by the changing nightly optical inter-band time légsnd
in our optical data (Fid.]9). Rodriguez ef al. (2015) alsonbevi-
dence of a varying reprocessing contribution from tN&EGRAL
data, with the optical lag varying betweei® to 20—30 mins. These
long lags are much larger than the longest possible repsimees
(light-travel) time for the size of the binary. We also ndtattthe
optical variations across the four nights of our observegtiare rel-
atively mild as compared to the X-ray variability which isders
of magnitude larger (see Fig.J11). In other words, the optiada-
tions do not follow theL;/fm trend expected from standard disc
reprocessing (van Paradijs & McClintock 1994).

It is also unclear whether scattering and absorption due-to i
tervening matter plays an important role in explaining tp&aal
variations. X-ray observations suggest that absorptietoa wind
may be high enough to hide the central regions even at high ene
gies (King et all 2015; Kuulkers etlal. 2015; Motta et al. 2015
which case any optical photons from the central regions dvaldo
not escape. But if electron scattering were to dominatdabi
ity is expected to be wavelength-independent, which is nwatw
we observe in the optical. Changing dust reddening in a wiagl m
be a possibility, but in this scenario, the apparently stabti of
the spectral slope evolution (Figl]12) would require rediugtev-
els to be fine-tuned to the flux changes across the differghtsi
which seems unlikely. Moreover, the naive expectation ddna to
see much stronger optical variations (perhaps orders ohituatg
in flux) in response to a clumpy wind which is dense enough to
significantly absorb X-rays. Despite the impressive valitgttob-
served, the ULTRACAM data do not show such strong variations
although we cannot rule out their presence on other nighéawe
did not observe.

Using simultaneous optical/radio monitoring, Mooley et al
(2015) found that the strong and slow optical variationgelate
with variations seen in the radio by the AMI telescope, ssgge
ing a non-thermal contribution to the emission processtersiow
optical variations. Moreover, flux-dependent spectrapsloaria-
tions similar to those that we see in Higl 12 have also bedswedin
to synchrotron jet emission in other sources (e.g. obsensif
XTE J1550-564 by_Russell etial. 2010). The magnetic field-asso

5 Which is not to say that other components in the optical lghtes are
unrelated to reprocessing, since the ULTRACASMIift coverage was only
simultaneous during this period.
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ciated with the slow variations is likely to be much lowerntthe
compact fast flares (Tetarenko etlal. 2015 estimate a fieddign

of ~few Gauss). The fact thatg.. for the slow variations is
slightly flatter than thexs.s; values measured for the fast flares
on June 26 (see Figl 7) could be a result either of mixing of mul
tiple emission components (non-thermal radiation andoegss-
ing, say), or a differing distribution of particle energiestween
the slow variations and the fast flares.

The ultimate origin of these variations appears to be coxmple
and we do not attempt to model them further here. But we empha-
sise that any model for these slow variations must accourihé&r
rather long characteristic timescales. The light travektfor vari-
ations spanning- 100—1000 s is similar to, or even larger than, the
maximal extent of the disc of 1®cm (or~ 7 x 10° R¢) inferred
by|Zycki et all (1999) during the 1989 outburst. So if the vaoias
result from cyclotron or optically-thin synchrotron in axtended,
perhaps multi-zone, plasma (e.g. ejected blobs), thestagjaght
to be very large, with sizes commensurate with the binasffits
Instead, the size of an emission zone in a standard viscans th
disc varying on~ 1000 s timescales would be 3 x 10° cm, or
250Rq (M/9Mg) (a/0.1)~ (h/R/0.1)~2, wherea here repre-
sents the viscosity parameter ahdR is the relative disc height
scale (though the observed spectral slopes do not supp@siem
from a viscous disc alone, as already discussed). If the gtoiv
ations are instead associated with some form of thermadbiy
timescale, a larger size scale 5000Rc (M/9Mg) (o/0.1)*
is possible|(Frank et al. 2002). Accretion rate variationstitese
scales, which are much smaller than the overall binary sizeld
then manifest in the optical. For instance, synchrotrorssion in a
steady jet in which fast variations are ‘smoothed’ out oveitiple
emission zones, with only the more substantial longer tiaria
remaining, is one plausible scenario to explain our obsiens

Finally, we note that no strong quasi-periodic oscillasion

2008;| Fender et al. 1997; Gandhi etlal. 2010; Casella et 400)20
and XTE J1118+480| (Kanbach et al. 2001; Malzac et al. 12004),
where it has been attributed to synchrotron emission froet&ith
increasing dominance towards the red. A steep spectra ghape
optical has also been observed in XTE J1118+480 during tite ha
state with strong jet activity (e.g. Hynes etlal. 2003).

On intermediate {seconds to mins) timescales, V4641 Sgr
and SwiftJ1753.5-0127 have shown pronounced opticaltiamz
(Uemura et al. 2002; Durant et/al. 2009). Whereas Swift Jb#53
0127 appears to be dominated by emission from a hot flow
in the optical [(Durant et al. 2009; Veledina etlal. 2011),sthdn
V4641 Sgr remain unclear, though a non-thermal origin afgpea
to be very likely (Uemura et al. 2004). Finally, infrared iedions
on timescales of minutes to hours have been extensively stud
ied in GRS 1915+105 and associated with synchrotron emissio
(Fender et all 1997; Eikenberry et al. 1998). Their charstie
timescales appear to be quite similar to the slow opticai- var
ations in V404 Cyg. Infrared/X-ray cross-correlations énaon-
firmed this, and find that the infrared emission zone can be as-
sociated with a synchrotron-emitting plasma on a largeesoél
~few x 10" cm (Lasso-Cabrera & Eikenbeliry 2013).

The fast optical flares seen in GX339—4 were somewhat
stronger than observed in V404 Cyg, with several of th€00 ms
r" andg’ flares during the 2007 hard state observation of GX 339-4
exceeding a factor of 2 above mean (Gandhi 2t al.|2010). Tale pe
optical flare luminosities in that outburst reached0*® ergs™!,
of the same order as observed for V404 Cyg here. In sdcfibn 3.4
we have shown that subtracting the SED at the times of the fast
flares from that of the slow variations on June 26 gives a me-
dian o _ =-1.3+£0.4 as an estimate of the variable PL whose
contribution is reddening the flare SEDs. This slope is steep
than seen in GX339-4 (Gandhi et al. 2011), but is similar to
those seen in XTE J1118+480 and XTE J1550-564 during outburs

(QPOs) are found in our PSDs, which are instead dominated by (Russell et al. 2013).

broadband noise features. This appears to be in contrasP@sQ
seen in the optical and infrared PSDs of other XRBs duringl har
state outbursts (e.qg. Gandhi 2009; Kalamkar 2t al. 2015, refrd
erences therein), although we note that we cannot unamistyuo
rule out the presence of low frequency QPOs given the shert du
ration of our lightcurves. In particular, the night of Jurdleshows
the oscillatory patterns of variability on timescales~0200-500 s
(Fig.[1), and found to be correlated with simultaneous Xvarnja-
tions by Gandhi et all (2015b). There is excess power in tHasPS
on these timescales (Figd. 3), but no sharp QPO-like featarels
out immediately. So the presence of any precessing hot floim-a
ferred in other sources (e.g._Ingram & Done 2011), does @aoidst
out in our observations. One caveat in this discussion isdba
optical light curves may be diluted by emission lines (intjgaitar
Ha and H3 which lie in ther’ andg’ bands, respectively), and ex-
tended line emission zones may smooth over underlying roaumtn
QPO variability.

4.3 Multi-component optical variability in V404 Cyg and
other XRBs

Multicomponent optical variability on short timescalesgluding
potential contributions from a hot flow, accretion disc mm@ss-

ing, and (in several cases) a jet, appear to be a common fea-

ture in many XRBs during the hard state. Strong and fast sub-

On the other hand, the optical/X-ray CCF strength appears to
be much stronger in V404 Cyg (Gandhi etlal. 2015b). As already
discussed, this cannot be entirely ascribed to reproggsaihough
there is strong H emission which is likely to dilute the trué band
continuum variability (e.d. Wagner etal. 2015; Munoz-Raret al.
2015%5;| Scarpaci et dl. 2015). With an orbital period apprataty
four times longer than that of GX339-4, V404 Cyg’s accretion
disc is also expected to be larger, which sould (in pringipsult
in stronger reprocessing and also dilute the strength ofsgny
chrotron jet flares.

5 CONCLUSIONS

We have analysed high temporal resolution optical multieba
(u'g’r") light curves obtained with ULTRACAM during the
June 2015 outburst. We are able to probe variations oveioappr
imately five orders of magnitude in Fourier frequency. Ouiirma
results are summarised below.

(i) The data show a diverse range of variations on all timlesca
but reveal at least two prominent variability component3:'¢low
variations’ with characteristic timescales of hundredsefonds,
and (2) ‘fast sub-second flares’ (secfiod 3.1, Hiysl[], 2, 4).

(i) These components differ in their colours and time lagse
fast flares show red colours at peak, whereas the slow \ar&iire

second flaring behaviour has been seen in a number of XRBsstronger in the bluer bands. (section 3.4, HigEl 2, 7).

during the hard state, in particular GX 339+4 (Motch et aBZL9
Imamura et al._1990; Steiman-Cameron et al. 1997; Gandl et a

(i) The multi-band PSDs are dominated by the slow variagio
and rise steeply towards low Fourier frequencies on alltsigbut
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Multi-component optical variability in V404 Cyg 15

1 ' - o ' il R ' .

7 g Loy - BT § b 8 3
2 - TH; P8 o §it ; i s ]
5 | 1T} R E ;| : SEEE & Nt 1
R T A E - ST TR N 8.
= Ly IR L P LW K i

- ofa e % 3. g" -3, o . M
E oolf HUERRTA | AT MIT Y LR § F
o R RO A x -
2 4 6 g 10
___________ MJID (+57190) :

o 1O s AMI 13.9 GHz E
O ggb il WHT/ULTRACAMT' | = . o
2 VRS 1 +  INTEGRALISGRI | ./ ° 73
2 56 E
o - - _
= 041 e —
8 . .
g o2f . -
0.0C . o . . : : .
8.9 9.0 9.1 9.2 9.3 9.4 9.5 9.6

MJD (+57190)

Figure 11. The top panel shows thtNTEGRAL 25-200 keV light curve (b

ased upon Off-line Scientific Arsidyv.10.1) for the firske 10 days of the

June 2015 outburst of V404 Cyg from the IBIS/ISGRI instruti@iue;| Kuulkers 2015), overlaid with the 22 GHz radio lightrve from the RATAN-600
telescope (magenta; Trushkin elial. 2015a). The times dftF&RACAM observations are highlighted by the orange shastads. The bottom panel focuses
on the last night around the ULTRACAM data (shown in red). didition, the 13.9 GHz light curve from AMI overlapping wituoULTRACAM coverage
is shown in magenta. The ULTRACAM sub-second flaring was baudien the source was very active in both radio and X-raybgeiveen some of the

strongest multiwavelength flares over the entire outburst.

show a dramatic increase in thel Hz variability power by a fac-

tor of ~ 100 on the last night of June 26. This night clearly shows
the reversal of the dominant source of variability powenaband
below ~ 0.01 Hz between the faster red variations and slower blue
variations (section al2, Figl 3).

(iv) The fast flares display complex flare profiles (FIg§14 b
show no time lags betweeyl andr’ down to the best time resolu-
tion of 24 ms (section 313, Figl 8). In contrast, the crossetation
functions of the slow variations are indicative of undertyi weak
red lags of a few seconds (section 3.5, Eig. 9).

(v) We interpret these observables in terms of an optically-
thin synchrotron origin for the fast flares having short eloter-
istic timescales and high optical luminositiesl0*¢ ergs* (sec-
tion[4.1). The spectral slopes of the fast flares after rengptie
underlying slow variations is .. ~—1.3, which is steeper than
typical for optically-thin synchrotron from a compact jdbre,
and could be indicative of a mixture by a thermal particlerdis
bution. However, including systematic dereddening umdeties,

this slope could also be consistent witfj. _ ~-0.8.
(vi) Under the compact jet scenario, we can place limits on

© 2016 RAS, MNRAS000, [1H20

the magnetic field strength at the synchrotron emission zdne
B <2x10°G, and a zone siz& > 140R. If the fastest flares
arise within this zone, the variability timescale of the esulved
flares of< 24 ms impliesk < 500 R (sectioiZ.1L).

(vii) These fast flares are prominent and persistent on tiet ni
when the source reached the peak of its outburst in termss of it
observed X-ray flux, and also showed the brightest radio dflare
(Fig[11). They also appear sporadically on the precediglatniith
short durations ofv 30's (Figl®), which places constraints on the
timescales over which the compact jet spectrum can charage dr
tically, appearing and disappearing in the optical on titaéss of
order ~ minutes or less (sectibn4.1) — assuming that they do, in-
deed, arise from a compact jet, and their appearance/diaegpce
is not controlled by other effects such as changing linsight ab-
sorption/reddening, say.

(viii) On the other hand, the origin of the slow variationgas
from clear. X-ray reprocessing likely plays a role in somehafse
variations but appears unlikely to be their sole driver, #mete
is suggestive evidence of a non-thermal contribution tosiler
variations also (sectién4.2; cf. reports by other authbchanging
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Figure 12. Flux vs. spectral slopesy(., betweeng’ andr’) for all ULTRACAM observations for the slow variations, cpoted from light curves binned
to = 1 s time resolution. The direction and magnitude of systentatrections due to reddening uncertainties, and caoreéor the contribution of k. (as

estimated on June 26), are denoted by the arrows.

reprocessing contributions with time, and of correlatibeveen
radio and optical flaring).

(ix) We find that the optical spectral slopes can change hapid
but evolve according to quasi-stable loci across all ni¢fitg.[12).
However, we caution that dereddening uncertainties anadhe
tribution of Ho can strongly affect the optical photometric spectral
slopes (sectidn 34,36, %.2).

(x) No obvious QPOs are found in the optical light curves,
though we note the presence of an oscillatory pattern omnivgte
diate timescales of minutes on one night, reported (in aipuav
work) to be correlated with X-ray variations (section4.2.H).

There is a wealth of high-quality optical data (especiaityrf small
telescopes) during the 2015 outburst, examination of wliciuld
shed more light on the nature of the slow variations. In aofdljt
this outburst galvanised much of the XRB community to cauaiti
multiwavelength observational efforts (el.g. Knigge eRall%), re-
sulting in strictly simultaneous periods of coverage overcmof
the electromagnetic spectrum. Cross-correlation of fpstal and
X-ray light curves (e.gl _Kanbach et al. 2001; Gandhi et aQ&20
Durant et al! 2008), and investigation of infrared and rddjbt
curves (Dallilar et al. in prep.) may help to answer many & th
guestions raised herein.
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7 ADDENDUM

Post-submission of our paper, several new preprints anticaub
tions on the outburst have become public. Their key reseles r
vant to our work are briefly mentioned here. With regard todtie
gin of the optical variability, Kimura et al. (2016) presemt anal-
ysis of the public optical photometric data gathered by &iaéd-
scopes covering the majority of the bright part of the owbuand
show that the slow variations have distinct parallels wita ¢X-
ray) variability modes identified in GRS 1915+105. They dade
that limit cycle oscillations in the inner disc generate awvari-
ations, which are then reprocessed on the outer disc andagene
the slow optical variability observed (Bernardini etlal 160simi-
larly interpret the pre-outburst source evolution in tehs vis-
cous thermal instability). The- minute—timescale oscillatory pat-
tern that we observe on June 21 is similar to what Kimuralet al.
term the ‘heartbeat’ oscillation in their light curves. lontrast to
a reprocessing scenario, Marti et al. (2016) tentativelyrpret the
source behaviour in terms of synchrotron radiation fromeexiing

ported by STFC grant PP/D002370/1. D.A. thanks the Royal So- plasmons, again drawing a parallel to GRS 1915+105. These au
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thors also report the presence of redder band lags with cetpe
bluer ones, with the lags being arourdl min (longer than what
we report), but changeable and difficult to pin down. The prtips

of jet models have been further investigated by Jenkel e2@1.6)
and/ Tanaka et al. (2016). Based upon modellinfreimi Gamma
Ray Burst Monitor observations, Jenke et al. propose thedys-
from a jet could be seeding Compton-upscattering to the Gamm
ray band, similar to the conclusions drawn earlier by Roaied.
(2015) based upofiNTEGRAL analysis. Tanaka etlal. (2016) find
a low linear optical polarisation degree intrinsic to thaurse,
and suggest either a disc or optically-thick synchrotragiorfor

the optical emission. They also derive constraints on thesiphl
parameters of the jetH field ~10° G and emission region size
~ 10° cm) which are of the same order of magnitude as the limits
that we present in sectibn4.1. Finally, Radhika et al. (2Gt6dy

the Swift'XRT source spectra and conclude that absorption features

and a variable Fe line point to a wind origin.

All the above works, and their (sometimes) disparate con-
clusions, emphasise the complexity of the present outhofrst
V404 Cyg. It is important to keep in mind that most of the con-
troversy centres on the variable component that we refes the
‘slow variations’. In contrast, the study of the sub-secwadations
is unique to our work, and (as we have discussed) their ptieper
all point to a non-thermal origin, and are consistent wiikiag in
a compact jet.

It is worth noting the recent launch of tl@STROSATmis-
sion by the Indian Space Research Organisation (Singh205l).

Its Large Area X-ray Proportional Counter instrument cao-pr
vide exquisite sensitivity at high time resolution. Sinanéous fast
timing capability in the ultraviolet is provided by the LHtVi-

olet Imaging Telescope (Kumar et al. 2012). Given the fasi op
cal variability that we have presented in our work, this camab
tion of instruments can be very effective for the study ofufet
XRB outbursts. The approximate 30year timescale betweén ou
bursts of V404 Cyg suggests that it may be too optimistic foeho
for another outburst from it any time soon, although we nba t

in December 2015, the source did undergo a mini outburst (pos
sibly a secondary to the June outburst) which was followed up
by several telescopes (e.q. Barthelmy étal. 2015; Lipuhaw e
2015; Jenke et al. 2015; Trushkin etlal. 2015b; Hardy et dl620
and whose detailed study will be important. And, as alreaxtgad
V404 Cyg is well known for its variability even in quiescen@eg.
Shahbaz et dl. 2003; Bernardini & Cackett 2014; Ranalet 4BR0
So future observations of V404 Cyg withSTROSAT could still
prove useful.

Al APPENDIX
Al.1 Flux calibration

Ideally, one would use the comparison star for photometowH
ever, V404 Cyg was the brightest object in the field of viewimiyir
outburst, especially in the red, and the comparison stad age
not photometric standards. Therefore, the ULTRACAM flux-cal
ibration is based upon zeropoints derived from measuresmant
two photometric standard stars on two nights during the wafek
observation. An independent, approximate test of the fllikrea
tion is possible using AAvVSBdata, which had good overlap with

6 Kafka, S., 2015, Observations from the AAVSO Internatiobatabase,
http://ww. aavso. org
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the ULTRACAM observations on the two nights of June 20 and
25. We also checked against comparison star photometryane c
puted resulting systematic uncertainties on the flux catiibn, all

of which is described below.

The photometric standards were HD 121968 observed on
June 24 inv/, g’ andr’, and GCRV 8758 observed i, ¢’ andz’
on June 26 (we do not use thecalibration herein). The zeropoints
measured are 25.02:(, 26.96 ¢’) and 26.59 {’), respectively,
on June 24, and 25.09/) and 26.95 {') on June 26. These zero-
points apply to an incident rate of 1 electron per second) gatin
factors of 1.16, 1.11 and 1.19 irdg’r’, respectively. We assumed
zeropoints of 25.09('), 26.95 ) and 26.59 ') throughout our
work. All observations were carried out not far off zenith,ad-
mass< 1.1. Airmass corrections were applied for each night, using
u'g'r" extinction coefficients of 0.49, 0.16 and 0.07, respedfivel

We checked our calibration by computing the magni-
tudes of the comparison stars. The comparison star was
URAT1620-473723\(Zacharias et al. 2015) at RA=20:24:07,18
Dec=+33:50:51.66 on June 20, which is also identified as star
‘C1’ of Udalski & Kaluzny (1991). Hereatfter, this is refed¢o as
‘comparison star 1'. On the remaining nights, the comparstar
was URAT1620-473466 at RA=20:23:56.44, Dec =+33:48:16.9
(‘comparison star 2'). The weather conditions were good Ibn a
nights. Comparing the nightly median count rates of consjari
star 2 during June 21-26, we find agreement to within 4%, 0.5%
and 1% (standard deviation) irf, ¢’ andr’, respectively.

AAVSO reported calibrated Vega magnitudes of V404 Cyg
during the 2015 outburst, mostly in tfi8/ I filters in the Johnsons-
Cousins system. On June 20 and June 25, there are 19 and 175 re-
ported B observations, respectively, overlapping with the ULTRA-
CAM observing window, and many more in thé[ filters. The
observations were carried out by many different obserasrs, re-
sult of which the photometric quality of the data can vary.rdbo
over, the observations are not strictly simultaneous, sretis some
uncertainty related to variability between observatiddewever,
the median SEDs computed from these data ought to be represen
tative of the source, at least for the purposes of our apprata
cross-check against the ULTRACAM calibrations. We comgute
the SEDs by interpolating th& I band photometry on to the near-
estB band times, and applying dereddening corrections assuming
an Ay =4 mag and the _Cardelli etfal. (1989) law, as before. The
median AAVSO SEDs are shown in Hig.JA1 for both the nights of
overlap, together with the median ULTRACAM SEDs computed
using the zeropoint flux calibration described above. Theeag
ment in both overall flux and SED shape is encouraging, esibeci
when one considers the differing bands used, and all theatave
mentioned above regarding the AAVSO comparison.

Finally, we also cross-checked our ULTRACAM flux cal-
ibration using the known magnitudes of the comparison stars
Udalski & Kaluzny (1991) list magnitudes oV =12.817 and
B =13.523 for comparison star 1. Using the photometric ti@ansf
mation equations provided by Smith et al. (2002), we find SDSS
magnitudes of’ = 13.128 and’ =12.626 {/ and/oru’ magnitudes
are generally not available for field stars). The SED of V4§4 C
using these SDSS comparison star magnitudes for countrregs-c
calibration is also shown in Fig. A1, and show good agreemwitht
the other methods.

For comparison star 2, the reportgd- 13.372 and’ = 12.307
in the APASS system| (Zacharias et al. 2015). However, using
our zeropoints to obtain calibrated magnitudes, we eséimat
¢’ =12.69£0.01 and~’ = 12.4H-0.01. Theg’ magnitude is brighter
than reported by a very large offset ©f0.7 mag. The reason for
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this discrepancy is unclear, but we note that the APASSrtego

g’ mag is based upon a single observation with no associated

uncertainty. If we instead use the reportBd=13.39£0.40 and

V' =12.438:0.11, the transformed =12.884-0.22 agrees within
uncertainty with our prediction of’ =12.69. The transformed
r’ =12.14:0.24, on the other hand, is mildly discrepant (brighter)

by ~ 0.27 mag. The resultant V404 Cyg SEDs using these calibra-

tions are also shown in Fig. A1, as the red points and dottess Ji
and appears redder than derived from the other methods er23un
The steeper SED on June 25 is entirely ascribable to the elifte

of ~0.27 mag in the mean values of predicted and transforrhed
values. We confirmed that the comparison star magnitudesihav
herent disparities by additionally using the IPHAS2 cajako re-
ported Vega magnitudes &=12.39,] = 11.94] and transforming
these to SDS$’ using the equations bf Jordi et al. (2006). We find
r’=12.60, which is, indeed discrepant (fainter)4.46 mag than
the APASS-transformed mag ef =12.14 above, and 0.19 mag
fainter than our prediction of =12.41. Whether these differences
are due to measurement problems or due to the star beindphearia
is unknown.

These comparisons suggest differences in the flux caliorati
of 0.2 ing’ andr’, especially on the nights of June 21-26. Given
the issues with the reported comparison star magnitudeastied
above, the fact that these are not available’irand the reasonable
(approximate) agreement of the ULTRACAM photometric stan-
dard based SEDs with the AAVSO SEDs, we prefer the ULTRA-
CAM photometric standard zeropoints for our work. Howetleis
systematic uncertainty should be kept in mind if one is edéad in
the exact SED shapes. Since these are systematic undegdiney
do not affect any of the discussion related to the relatamability
in fluxes and spectral indices.

Al.2 Light curves overlay for June 26

Fig.[AZ enlarges the flux-calibrated June 26 lightcurvesitmsan-
other perspective. As compared to [Elg. 2, here, the bandsheen
overlayed on each other fully by shifting andu’ to the median of
ther’ light curve for relative comparison. The slow variations ar
immediately seen to have stronger peak-to-peak varighilithe
bluer filters. We detrended the light curves to isolate th@inaum
count rate from the fast flares (detailed in sedfioh 3.3), fandd
maximum peak-to-peak continuum variations of 0.43, 0.4@ an
0.35mag inu’, ¢’ andr’, respectively. Furthermore, the stronger
r’ spikes abovg’ at the times of the fast flares immediately show
that the fast flaring is stronger i than ing’.
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Figure Al. Comparison of three methods to compute SEDs of V404 Cyg,est aftthe flux calibration used. The nights of June 20 (Left) dune 25 (Right)
were used because of the availability of useful AAVSO oyeda these nights. The black points and solid curve denotm#tian SEDs calculated from the
standard calibrations based upon zeropoints derived flostometric standards, and used throughout the main bodyeqgfdper. The blue points and dashed
lines are the SEDs computed from AAVSO data in the Johng®nk and Cousind bands. The red dotted points and lines show the ULTRACAM SEDs
with the flux calibration derived from the reported magnésidf the comparison stars (comparison star 1 for June 20c@mg@arison star 2 on June 25).
All SEDs are dereddened assumidg, =4 mag and thmmm) law. The error bars shastandard deviation of fluxes, so denote the full
range of variability. But it should be noted that since theat&ns in the bands are correlated, the variations of th® Shapeare milder. There is reasonable
agreement between the AAVSO and ULTRACAM photometric saadsl methods, in particular.
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Figure A2. Similar to Fig[2, this plot shows the ULTRACAM light curvesf 2015 June 26 (UTC). In this case, tileandg’ light curves have been shifted
to the median of the’ lightcurve to aid direct colour comparison. The plot clgathows the stronger peak-to-peak changes for the slowtigarsain the bluer
bands, contrasted with the strongérsub-second flares as comparedytoNote that theu’ light curve has lower time resolution by a factor of 15 thaa th
other two bands, so is not suitable for comparing the fastdlarnth the other bands.
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