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ABSTRACT

Context. We investigate small-scale light variations in V646 Pup occurring on timescales of days, weeks, and years.

Aims. We aim to investigate whether this variability is similar to that observed in FU Ori.

Methods. We observed V646 Pup on six occasions at the SAAO and CTIO between 2013 and 2018 with Johnson and Sloan filters,
typically using a one-day cadence maintained for two to four weeks. We also utilised the public-domain 1512-day-long ASAS-SN
light curve and TESS photometry obtained in 2019 over 24.1 days with a 30 min cadence. New SAAO low-resolution spectra assist in
updating major disc parameters, while the archival high-resolution Keck spectra are used to search for temporal changes in the disc
rotational profiles.

Results. The ground-based observations confirm the constantly decreasing brightness of V646 Pup at the rate of 0.018 mag yr~'.
Precise i-band sensitive TESS data show that the slight, 0.005 — 0.01 mag, light variations imposed on this general trend do consist
of a few independent wave trains of an apparently time-coherent nature. Assuming that this is typical situation, based on an analysis
of colour-magnitude diagrams obtained for earlier epochs, we were able to make a preliminarily inference that the bulk of the light
changes observed could be due to the rotation of disc photosphere inhomogeneities, arising between 10-12 Ry, from the star. We do
not exclude the possibility that these inhomogeneities could also manifest themselves in the rotational profiles of the disc, as obtained
from the high-resolution spectra. Assuming Keplerian rotation of these inhomogeneities, we give a preliminary determination of the
stellar mass at 0.7-0.9 M.

Conclusions. Over certain weeks, at least, V646 Pup has shown time-coherent light variability pattern(s) that could be explained by
the rotation of an inhomogeneous disc photosphere. These preliminary results are similar to those better established for FU Ori, which
suggests a common driving mechanism(s).
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1. Introduction

V646 Puppis (BBW 76) is special among FU Ori-type stars
(FUors, Herbig|1977) as it has proven to be the twin of FU Orio-
nis following a study by Eisloffel et al! (1990) and Reipurth et al.
(2002). The authors stated that the light outburst of V646 Pup
apparently occurred in the 19th century, well before the pho-
tographic plates routinely came into use. Its spectrum exhibits
numerous similarities with that of FU Ori, including the inten-
sity of the major absorption lines, spectral variation from F5-8 I
through GO-G5-1 in the visual part to K-M I in the near-infrared,
as well as the spectrum slope and likely the same reddening; in
addition, it exhibits only small temporal variations in the shape
of sodium and H, lines. [Zhu et al. (2008) concluded that both
FU Ori and V646 Pup have highly depleted or absent infalling
envelopes, which implies that the bulk of the observed visual ra-
diation does emerge directly from their inner discs.

Following the indirect findings of [Kenyon et al. (2000), we
directly investigated the temporal and spectral properties of
the small-scale light changes in FU Ori using MOST satellite
(Siwak et al![2013,12018b). We demonstrated that the light curve
of FU Ori, when collected for a sufficiently long time, can be
split into particular segments, each characterised by a differ-

ent variability pattern and quasi-period. To pinpoint mechanisms
leading to this diversity, we compared the 2013-2014 ground-
based and the synthetic colour-magnitude diagrams prepared
specifically for the distinct segments. We found that the long-
periodic family of quasi-periods could be explained by revolu-
tion and related changes in visibility of disc inhomogeneities lo-
calised at ~15-20 Ry from the star. Furthermore, we obtained
that hot spots or unstable hot accretion tongues could potentially
explain short-term (1-2 d) variability that is visible for over only
one week, as the amplitude of light variations in U-filter was
then observed to be twice as large as in BVR_ I, filters.
Encouraged by these results, we decided to initiate a similar
study for V646 Pup as part of the continuation of our earlier
work. To accomplish this goal, first we used a vacant time prior
to observations of our primary targets at the South African Astro-
nomical Observatory (SAAO) and Cerro Tololo Inter-American
Observatory (CTIO) to check if V646 Pup shows any significant
light variations occurring on the timescales of days and weeks.
We also utilised precise observations obtained in 2019 by the
Transiting Exoplanet Survey Satellite (TESS).

We describe the above and also the supplementary public-
domain high-resolution Keck/HIRES spectroscopic and photo-
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metric All-Sky Automated Survey for Supernovae (ASAS-SN)
observations in Section [2l Results of the data analysis and their
immediate discussion are presented in Section Bl We summarise
our main findings in Section [

2. Observations
2.1. Ground-based observations

Photometric observations of V646 Pup with a cadence of one
day were obtained on six occasions between December 2013 and
May 2018, prior to observations of primary targets investigated
by ISiwak et al. (20184/b), whose papers contain detailed infor-
mation regarding the data acquisition and reduction, including
corrections on differential and colour extintion terms. Here, we
only show log of these observations (Tab. [I) and obtained light
curves (Fig. Il Tab.A1-Ad).

2.2. TESS observations

TESS (Ricker et al/[2015) observed V646 Pup during Cycle 1 in
Sector 7. The full-field images (FFI) used in this work were gath-
ered between 3:00 UTC on 8 January to 14:00 UTC on 1 Febru-
ary 2019, with the cadence of 30 min. The total monitoring time
was 24.44 days, but the run was paused after the first satellite
orbit for 2.08 day. A standard aperture photometry of calibrated
FFI was carried out using our IDL scripts utilising DAOPHOT
(Stetson [1987) procedures. Aperture of the 3 pix (63 arcsec) size
was used for the stellar flux extraction, while the sky level was
calculated from the annuli between 5 and 8 pixels (84-168 arc-
sec).

In order to prepare the light curve for scientific analysis, first
we removed 34 data points obtained at the beginning of each
satellite orbit — 16 in the first and 18 in the second — which were
heavily contaminated by scattered Earth light. After this opera-
tion, the total run length dropped to 24.1 d and the break in the
data acquisition increased to 2.15 d (Fig.[2h). Although the point-
spread function of V646 Pup is apparently free of blending, we
noticed a star-sky brightness correlation, which was removed by
a simple linear fit (Fig. 2b). Finally, we also removed the long-
term trend visible in these data by fourth-order polynomial fit;
the result is shown in Figure Pk (Tab.A7). We show these results
in the flux units normalised to unity at the mean star brightness
level, while the time is Barycentric TESS Julian Day (BTJD),
which is a Julian day minus 2457000, corrected to the arrival
times at the barycentre of the Solar System.

2.3. ASAS-SN observations

In order to examine variability occuring on timescales of months
and years, we used 1856 ASAS-SN photometric data points ob-
tained in V- and g’-filters between HJ/D = 2457420.6652 —
2458385.8586 and HJ/D = 2458283.4527 — 2458932.2978, re-
spectively. Details of the data acquisition, reduction, and cali-
bration to the standard Johnson and Sloan systems can be found
in [Shape et al! (2014) and IKochanek et al! (2017). Due to lit-
tle brightness changes of V646 Pup, we formed 594 nightly-
averages from usually three or four individual data points
gathered over each night. Their typical (median) error (stan-
dard devation) is 0.014 (0.001-0.049) and 0.016 mag (0.001-

! Tables Tab.A1-A8 are only available in electronic form at the
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/
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0.096 mag), while the typical sampling is two and one day for
the V- and g’-filter, respectively. The values listed in the paren-
theses denote the full range of errors associated with respective
filters.

2.4. Spectroscopic observations

Over three nights in March, 2017, we obtained several low-
resolution spectra of V646 Pup using the Spectrograph Upgrade
Newly Improved Cassegrain (SpUpNIC), mounted on the 1.9-
m Radcliffe telescope at the SAAO (Crause et al! 2016). Grat-
ings 7 and 6 were used to cover the wavelength ranges from
3498 to 9245 A and 3904 to 6650 A with formal resolutions
of 2.8 and 1.35 A pix~!, respectively. Two spectrophotometric
standard stars, LTT 2415 and LTT 3864, were observed imme-
diately after V646 Pup through the same slit. The spectra were
reduced on bias and flatfield, extracted, and then wavelength-
and flux-calibrated (+8%) within the IRAF package (Tab.AS).

We also requested the RAW spectra Keck archive, gathered
for V646 Pup between 1998-2011 by HIRES (Vogt et all|1994).
Each season, the data were obtained in different spectral regions
and with different spectral resolutions, that is, 45 000 in 1998 and
2000, and 34 000 in 2011. We routinely processed these spectra
using ccdproc and echelle tasks within the IRAF package.

3. Results of the data analysis
3.1. Variability seen from the ground

Archival (Reipurth et al! [2002) and the new SAAO and ASAS-
SN V-filter data confirm the long-term trend of the disc light
decrease (Fig. Bh). Monitoring extended to 35 years allows us
to refine the historical value of 0.023 mag yr~! (Reipurth et al
2002) to 0.018 mag yr~'.

We also performed a Fourier analysis to search for possi-
ble quasi-periodic oscillations (QPOs) in the recently gathered V
and g’-filter standardised data (the last one were combined with
the V-filter data by means of Eq. 23 in[Fukugita et al.|1996). This
timeseries spans 2293 days and was obtained with one to two
day cadence, except for the seasonal breaks. First, we removed
the overall trend in magnitudes (Fig.[3b) by a second-order poly-
nomial fit and then transformed the obtained ’delta series’ to
flux units normalised to unity at the mean brightness level. We
did not find any significant peaks other than those related to the
breaks in the data acquisition. The mean standard errors of the
amplitudes were calculated with bootstrap sampling technique
(Rucinski et al. 2008). Although the power spectrum (Fig. [dh)
may appear to show a white-noise character, this is a false re-
sult that is due to the small range of observed light variations,
which are mostly hidden in the Poisson noise that dominates in
the ground-based data.

In accordance with the previous finding, no unambiguous
QPOs were found during the frequency analysis of separate and
combined data sets gathered at the SAAO and CTIO between
2013-2018. Nonetheless, a visual inspection of individual pan-
els in Fig.[Ilindicates that marginally significant 7-8 d and 5-6 d
QPOs did presumably occur in 2016 and 2017, respectively.

3.2. Variability seen by TESS

Fourier analysis of TESS data obtained typically with the 30 min
cadence (Fig. 2k) shows a group of significant peaks between
0.06-0.7 cycles d7!, that is, ~ 1.4 — 5 days (Fig.db). Thanks to
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a) V646 Pup, VRI, 0.5-m SAAO, 12/13 Dec 2013 - 14/15 Jan 2014

b) V646 Pup i-Sloan, 0.9-m CTIO, March 2014
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Fig. 1. Ground-based light curves of V646 Pup. 2013 SAAO data were standardised to the Johnson-Cousins system. 2016 SAAO data were
approximately aligned to the standard Johnson system using TYC 7123-167-1 (Table[).

Table 1. Log of photometric (top) and spectroscopic (bottom) observations utilised in this study.

Run number Dates of observations Observatory Telescope/Instrument Filters/Grating Data file
1 12 Dec, 2013 - 14 Jan, 2014 SAAO 0.5-m / Modular Photometer VR I, Tab.Al
2 6-18 Mar, 2014 CTIO 0.9-m / Tek2K CCD i’ Tab.A2
3 4-17 Mar, 2015 CTIO 0.9-m/ Tek2K CCD g'i’ Tab.A3
4 24 Feb - 15 Mar, 2016 SAAO 1-m / STE4 CCD BVI Tab.A4
5 8-17 Mar, 2017 SAAO 1-m / STE4 CCD gri’ Tab.AS5
6 27 Apr - 7 May, 2018 SAAO 1-m / STE4 CCD gri’ Tab.A6
7 8 Jan - 1 Feb, 2019 TESS 0.1-m / Camera 3, Chip 1 i-TESS Tab.A7
8 30 & 31 Oct, 1998 Mauna Kea Keck-I/HIRES Uv -

9 2 Feb, 2000 Mauna Kea Keck-I/HIRES RED —
10 10 & 18 Dec, 2011 Mauna Kea Keck-I/HIRES RED —
11 8,12, 18 Mar, 2017 SAAO 1.9-m / SpUpNIC gr. 6,7 Tab.A8

Table 2. Standard magnitudes and colour indicies of comparison stars, a:

s measured at the SAAO on 11-12 Jan, 2014 (Siwak et al/[2018h). The last

column contains run number(s) taken from the first column in Table[I] to indicate the used comparison stars. Values labeled by *h’ are taken from

Hog et al! (2000).

stars 1% B-V V—-R,. R. -1, Notes
HD 64100 7.457(2) 1.26h 0.646(4) 0.570(4) #1
TYC 7123-167-1 11.677(6) 1.99h 1.110(7) 1.067(5) #1,2,3
TYC 7123-1145-1 11.43(9)h  0.35(16)h - - #2,3,4
USNOA2 0525-06468568 ~13 - - - #2,3
USNOA2 0525-06466793 ~14.1 #4,5,6
USNOA2 0525-06474617  ~ 14.05 #4,5,6

limited photometric noise, the power spectrum revealed the red-
noise character, as in FU Ori. The TESS run length of 24.1 days
stands in the way of an investigation of the low-frequency part of
the spectrum. Nevertheless, if it is of a rotationally driven nature,
these low frequencies are expected to arise at larger distances
from the star and should best manifest themselves on infrared
wavelenghts. This may explain why no significant long-term

light variations superimposed on the general downward trend are
seen in ASAS-SN data (Sec.[3.1).

The most important information, however, is recorded in the
morphology of the light curve itself: its first part shows a repet-
itive pattern of light variations (Fig. Bh), which shows a strik-
ing similarity to the double-peaked pattern observed in FU Ori
in Segment I by MOST (Fig. Bb, see also |Siwak et al. [2018b).
The phase dispersion minimisation technique indicates at the
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a) V646 Pup, TESS "RAW’ light curve
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Fig. 2. 'RAW’, sky-decorrelated and detrended light curve of V646 Pup
obtained by TESS in 2019.
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Fig. 3. Long-term brightness evolution of V646 Pup in V-filter only
(panel a) and brightness evolution in 2013-2020 (panel b).
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a) Power spectrum of SAAO and ASAS—SN combined data
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Fig. 4. Power spectra (solid lines) in log-log scale of combined V and
g-filter SAAO and ASAS-SN data (upper panel) and TESS data (bottom
panel). The errors are marked by squares. A red flicker-noise trend, i.e.
power ~ frequency™, is indicated by dashed lines for comparison.
Nyquist frequencies are marked by vertical dotted lines.

4.8 + 0.2 d period evidence of this light feature in V646 Pup
(Fig.[3k) and the phased light curve is shown in Fig.[3d. Its sim-
ilarity to the event in FU Ori suggests the same driving mecha-
nism: based on the results obtained for FU Ori, we induce that
the major peak (at phase 0.6 for V646 Pup) could be owed to the
changing visibility of a hot plasma bubble rotating in the disc,
while the secondary wide maximum (phase 0.1-0.4) could be
caused by the light reflected from the opposite side of the disc. If
that is the case, assuming Keplerian rotation and the most likely
stellar mass, M of 0.3-0.9 Mg, the hot plasma bubble would be
localised at the distance of 8-12 R, respectively. The lack of
simultaneous multi-colour photometry does not allow for an in-
dependent confirmation of this value as for FU Ori.

At first glance, variability during the second TESS orbit ap-
pears to be time-incoherent. This is also formally confirmed by
means of Fourier, autocorrelation, and phase dispersion min-
imisation techniques. This ambiguity can be solved by means
of the wavelet analysis utilising Morlet-6 as the mother func-
tion (Fig.[6): the wavelet amplitude-spectrum indicates that vari-
ability observed during the second orbit may be (at least in
part) treated as a continuation of the double-peaked pattern.
The wavelet spectrum also suggests period shortening similar to
that observed in FU Ori (Siwak et al/[2013, 2018b). This phe-
nomenon was also seen in ordinary CTTS such as TW Hya
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Fig. 5. Light curve of V646 Pup gathered during the first TESS orbit, with consecutive variability patterns indicated by different symbols (panel
a). It is similar to FU Ori observed by MOST in 2013-2014 (b). Phase dispersion minimanisation period search based on 6 statistics indicates
4.8 + 0.2 day period (c). Last panel (d) shows the same data as the first panel, phased with the above value.

(Siwak et all[20184d) and RU Lup (Siwak et al![2016), admittedly
not directly in the disc light, but via hot spots formed on the
stellar photospheres by unstable accretion tongues that directly
reflect the temporary inner disc dynamic. Unfortunately, the in-
formation loss during the 2.15 d gap prevents any tracking of the
evolution of the initial 4.8 d QPO with better confidence: it prob-
ably ceased at BTJID=2458510 as a 3.8-4 d quasi-period. In ad-
dition, the wavelet spectrum shows a significant brightening that
appeared at BTID=2458507 for only 2.7-3 d and disturbed the
former double-peaked pattern. The other possibility is that am-
plitudes of these two peaks were evolving over time, as inferred
for Segment I in FU Ori (see Sec. 3.1 in|Siwak et all[2018b).

3.3. Colour-index variations

The variety of photometric systems used in this work and fre-
quent lack of standarisation prevents studies of colour index vari-
ations occurring on long timescales. For this reason this inves-
tigation is limited to variations occurring during separate runs
only.

The most obvious correlations are seen in the colour-
magnitude diagrams constructed from 2013 SAAO data
(Fig. [Th,b). We give the value of the slope a obtained by least
squares fits weighted by photometric errors, as well as Sper-
man’s rs and Kendall’s rg correlation ranks to indicate the good-

ness of these fits. Interestingly, no QPO is seen in the associated
light curves. The 2015 diagram (Fig.[7k) shows a possible corre-
lation, but it is of a small significance. No associated QPO was
inferred from the respective light curves either.

Although the 2016 V — (B — V) diagram shows a reversed colour
index (Fig. [7d), the formal significance of this negative trend is
trivial. However, the associated V — (V — I) diagram shows more
significant and — interestingly — the positive trend (Fig.[Z€). This
is reminiscent of the situation observed in colour-magnitude di-
agrams of FU Ori, prepared for a long-periodic (10-11 d) fam-
ily of QPOs (Siwak et al! 2018b). Interestingly, only a slightly
shorter, possibly 7-8 d QPO, was inferred from the respective
light curves for V646 Pup (Sec. B.1).

The correlations in 2017 data are also significant and are associ-
ated with a possible 5-6 d QPO (Sec.[3.I). In contrast, no signif-
icant correlations nor QPOs are observed in 2018 (Fig.[Zh,i).

3.4. Light synthesis model versus ground-based photometry

Encouraged by the purely phenomenological findings of light
variability pattern in V646 Pup that is similar to that observed
in FU Ori (Sec. B.2), and signs of similar trends in colour-
magnitude diagrams (Sec. [3.3), we induce that variability of
these two discs may be driven by common physical mechanisms.
These variations can be preliminarily investigated by means of
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Fig. 6. Wavelet spectrum of the detrended (Fig.2k) light curve. The am-
plitude is expressed by the grey-scale and solid black lines with values.
The white continuous trapezium lines indicate region completely dis-
torted by the break in the data acquisition (although the affected area
does likely propagate to longer periods, inside the cone defined by the
virtual extension of the trapezium). Edge effects are contained outside
the white dashed lines.

the disc & star light synthesis model introduced by |Siwak et al
(2018b) even despite the fact that the basic assumptions of this
methodology — simultaneous space-based coverage to determine
accurate values of distinct families of QPOs and ground-based,
multi-colour observations to determine spectral properties of
these QPOs — is not fulfilled. Instead, we rely on possible values
of QPOs inferred from our sparse ground-based data (Sec B.1))
and we also assume that they occurred over the full two-to-three-
week-long monitoring runs.

3.4.1. Update of disc parameters

In these calculations, we start from the approximate disc pa-
rameters of V646 Pup derived by [Zhu et all (2008) (consistent
with those derived by |Green et all |2006), including inclination
(50 deg), MM = 8.1 x 1073 Mé yr~!, and inner disc radius
Riym = 4.6 Rg, which could be close to the equatorial radius
of the bloated star as well, and where M is the mass accretion
rate transferred from the disc onto the star. Using these values,
we derive maximum disc temperature T,,,, = 7050 K. How-
ever, owing to the disc brightness decrease since 1999 based
on AV = 0.45 mag (Fig. Bh), the flux in visual bands cur-
rently amounts to 0.66 of the previous value. Assuming that
this is only due to mass transfer rate decrease, we currently es-
timate MM = 5.3 x 107 Mé yr’1 and T,,.,. = 6340 K. Fol-
lowing the procedure described in Appendix B of |Siwak et al.
(2018b), we obtain E(B—-V) = 0.56 mag and Ay = 1.74 mag for
Ry = 3.1, which is consistent with Ay = 1.6 + 0.2 mag obtained
by Connelly & Reipurth| (2018).

Assuming T, = 6340 K, we obtained a slightly better fit to
standardised (in 2013/2014) colour indices: the averaged ob-
served values of (V — R.) = 0.75 and (V - I.) ® 1.50 mag are
reproduced by the model at 0.75 and 1.64 mag, respectively. The
model with T, = 7050 K results in 0.75 and 1.69 mag, re-
spectively. Although the model was not intended to reproduce
the disc spectrum in all its specific details, in Fig.[8] we compare
the observed (corrected for respective values of reddening) and
the synthetic disc spectra calculated for both values of T),,,. All
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these spectra were normalised to unity at 4500 A. The synthetic
spectra were also smoothed with a 8 A boxcar to approximately
match the spectrograph resolution. It is evident that the model
spectrum with lower disc temperature appears to be a better fit
to the observed spectrum, especially in the ultraviolet and the
blue parts.

‘We note that our synthetic spectrum shows metallic lines that
are deeper, and Balmer lines that are more shallow, than ob-
served. The first discrepancy is mostly due to unaccounted ro-
tational broadening and the choice of spectral intensities for or-
dinary supergiant stars, while the second is due to increased ab-
sorption by a massive wind, and perhaps even an hot boundary
layer that has been unaccounted for. We do not investigate these
problems in full as they have secondary effects on light synthesis
results in broad-band filters, especially as the current analysis is
intended as a guide for further detailed studies. The more serious
allegations have to be made with regard to the (inevitable at this
stage) staggering assumptions, starting from the uncertainty dur-
ing the flux-calibration procedure, through a rough estimation
of the current MM value (apart from the fact that it was earlier
estimated using Ay = 2.2 mag) to the simple choice of the Ry
parameter, which leads to a maximum disc temperature uncer-
tainty as large as 500 K. Thus, the results obtained in this work
must be treated with a caution until new precise measurements
are obtained in the broad spectral range at the same time in order
to properly update spectral energy distribution (Abraham et al.
2004; |Green et all2016) and relevant disc parameters can be es-
tablished. This may impact the value of R;,, as well, as the new
Gaia distance of 1093 pc (Gaia Collaboration 2018) suggests a
disc luminosity of 102 L.

3.4.2. Modelling results

To reproduce the best-defined slopes observed in colour-
magnitude diagrams, we used the model with T,,,, = 6340 K
only. Following the procedure described in Sec. 3.5.2 in
Siwak et al! (2018b), we parameterised the disc inhomogeneity
using local deviations AT from the effective temperature T,y ¢
being a function of disc radius R in the case of stationary accre-
tion (Pringle |1981):
(Rinn )%
R

where G is the universal gravitation constant and o is the Boltz-
mann constant, while AT = |T(R) — Trr(R)|/T¢rr(R). This can
be written as follows:

3GMM
8noR3?

T,yr(R) = ; )

T.r#(R) for Ry <R <RI,
0<¢p<2rm
(1+AT)X Topp(R) for R < R<Ro,
_ O<p<nm
T(R) = Ter(R) for RU <R<RoM, &
T< <2t
Teff(R) for R > R;'Ztrt’
0<¢<2nm,

where R;”gt and R)/, define the inner and outer radius of a disc
ring, in which the local effective temperatures 7'(R) deviate by
AT from these predicted by Equation[I] while r is an azimuthal
angle ¢ chosen a priori, which determines the azimuthal width
of the disc inhomogeneity.

We searched the parameter space manually with a step of

0.01 in AT. The same AT is always assumed for all filters. A
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Fig. 7. Colour-magnitude diagrams; The only significant trends are seen in 2013, 2016 and 2017. Their errors are in parentheses.

step of AR = 1 Ry, is used to estimate RZ’e"r,, Ry%, as well as an
optimal radial width of the hot spot on the disc RY,;, — R;fe”,,.
Using this procedure, we were unable to reproduce the strong
correlations present in 2013 colour-magnitude diagrams assum-
ing disc inhomogeneities parameterised by moderate and large
AT . We suspect that these light changes could be quasi-periodic
(~ 1-24d) for at least a fraction of this run, which remains invis-
ible for us due to the 1 d sampling and limited photometric accu-
racy. Such strong correlations could then indeed be produced if
these variations would occur at the inner boundary of the disc or,
perhaps, on the surface of the star, and could be explained by a
non-uniform shape of the hot transition region, as considered for
a similar one week-long event observed in FU Ori during Seg-
ment Il in [Siwak et al| (2018b). Unfortunately, V646 Pup was
too faint for the 50-cm telescope to be observed in blue and ul-
traviolet band.

Contrary to the above result, the 2016 colour-index variations
(i.e. the year we observed signs of V — (B — V) colour rever-
sal) could be explained by the rotation of a hot plasma bub-
ble localised between 15-17 R, parameterised by AT = 0.16.
Assuming the 7-8 d quasi-period (Sec. B} and Keplerian rota-
tion of the disc, we can estimate the stellar mass at 0.7-0.9 M.
We note that clear evidence for colour index reversals was often
observed in quiet CTTS’s discs in infrared light (Giinther et al.
2014; 'Wolk et al. 2018 and references in these papers) and ex-
plained by significant changes in the inner disc structure.

To reproduce the 2017 colour-magnitude diagrams, we first cal-

ibrated our model to Sloan system using Vega magnitudes in
ABys system in Table 7 of [Fukugita et al. (1996€). Linear limb
darkening coefficients for Sloan system were adopted from Ta-
ble 3 of|Claret/ (2004). We found that these light variations could
be owing to the rotation of disc inhomogeneity parameterised by
AT = 0.15 and localised at 12-15 Ry. The Keplerian radius of
the associated 5-6 d quasi-period (Sec.B)) is equal to 13.5 Ry
for a 0.9 Mg, star.

This preliminary investigation suggests that longer periods
arise at more distant parts of the disc, similarly as in FU Ori
(Siwak et all 2018b). Multiple coordinated observing runs are
still necessary to validate this preliminary result.

3.5. Rotational profiles of the disc

The broadening function (BF) method was originally introduced
for studies of close binaries in the early 1990s and then sig-
nificantly improved (Rucinski 2012, and references therein).
It determines the Doppler broadening kernel in the convolu-
tion equation transforming a sharp-line template into the ob-
served spectrum. As a result, any radial velocity space in-
duced effects are isolated as the kernel of the transforma-
tion. The time series of broadening functions can also be used
for determination of rotational periods of stars with photo-
spheric inhomogeneities, such as spotted stars as with CTTS
(Siwak et all 2016), and for accretion disc mapping. Given the
obvious advantages of the BF over the cross-correlation function
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Fig. 8. Comparison of spectrum observed on March 12, 2017, with two synthetic spectra. The observed spectrum was dereddened using an
appropriate set of Ay and E(B — V) values corresponding to the assumed maximum disc temperature 7.

(CCF) method previously applied for weak metallic lines stud-
ies in other FUors (Hartmann & Kenyon|1985,11987;Welty et al
1992; Herbig et all2003; [Powell et all2012), especially with re-
gard to the linearity and increased resolution, we decided to ap-
ply it for the first time for a FUor.

In order to calcuate the BFs for V646 Pup, we transformed
all spectra to radial velocities binned with the step of Av
2.0 km s~!, which is the same for all echelle orders. We ex-
tracted the BFs from spectral regions free of broad Balmer and
metallic lines affected by strong disc wind features (e.g. a mag-
nezium triplet, see e.g. Herbig et al/[2003). Synthetic spectrum
of a supergiant star calculated with the step of 0.01 A (6250K,
log g = 2.5,|Gray 2010) was used as the template during the de-
convolution. For BF extraction beyond 6800 A, we used a simi-
lar spectrum from the POLLUX database (Palacios et al.2010).
The BFs were later smoothed with a gaussian of 1.5XAv width to
match the effective spectrograph resolution of 7 km s~!. Further-
more, we averaged BFs obtained in 4-12 consecutive echelle or-
ders to get 'mean BFs’ in five bands, defined as: uv (3611-4077),
blue (4067-4559) and green (4596-4845) for 1998 data, and
orange (5667-6094), red (6058-6650) and near-infrared (6629-
8125 IOA) bands for the 2000 and 2012 data. In addition, thg 2012
data alone allow us to define the yellow band (4776-5992 A). We
present our obtained results in Fig.@land Fig.[TOl Some bands are
unavailable for certain years or they are combined using different
number of echelle orders due to different spectrograph setups.
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The BFs were corrected for relative velocity of the observer with
respect to the Sun, but they were intentionally left uncorrected
for the mean velocity (33.1 + 2.5 km s~! obtained from gaussian
fits to BFs) owing to band- and time-dependent asymmetries.

In accordance with the results obtained in the past for a few
other FUors, V646 Pup does not show purely double-peaked ro-
tational profiles. A structure that most closely resembles such
a pattern was only present in 2000 but then became invisible
in 2011, even at longer wavelengths. Such a rounded shape for
CCF profiles was explained in the past as having been caused by
a wind shell, manifesting itself as an excess of absorption (i.e. in
CCF or BF intensity) mostly near the blue rotational peak (e.g.
Hartmann & Kenyon [1985; (Welty et all[1992, and references in
these papers).|Herbig et all (2003) proposed that lack of double-
peaked profiles could also be due to a contribution from a fast-
rotating bloated central star. In addition, despite our attempts to
avoid metallic lines that have obviously been contaminated by
the wind, in blue and green continua (1998) we observe a tail
extending at least to —180 km s~! with respect to the profile cen-
ter, which is of the same nature as that decomposed in detail by
Herbig et all (2003).

The most important result of this analysis is, however, that the
BFs show well-defined (i.e. higher than BF errors, determined
by scatter in the surrounding continua) excess of intensity on
top and on the edges (Fig. Qhabcd). This excess is indicated by
short marks in Fig.[@b only, and is present on positive velocities
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Fig. 10. Changes of the disc rotational profiles occurring on longer time-scales.

as often as on the negative ones, which suggests that it is more
reasonable to attribute it to a rotating disc inhomogeneity; fur-
thermore, we note that it changes its position with respect to the
star sometimes (in 1998) within one day. The BFs indicate on
wavelength-dependent character of these inhomogeneities: for
instance, the 1998 data show largest differences in the uv and
blue bands and only small ones in the green. Future coordinated
spectroscopic and photometric observations will make it possi-
ble to validate this assumption.

Aside from the above, the orange, red, and infrared BFs show
evidence of an intensity decrease over the first decade of the 21st
century (Fig. [[Ohbc). To examine whether this is an effect of a
weakening outburst (i.e. disc luminosity), we first aligned the

continua of all BFs to zero level and integrated the intensities
over wavelengths. Integrals calculated from the orange and the
red band BFs in December, 2011, are by 1.25 smaller than those
obtained in February, 2000. Linear properties of the BF method
allow us to translate this value to a 0.22 + 0.03 mag drop in
brightness. This is in accordance with the decline rate obtained
from the fit to Johnson-V observations (Fig. Bh), indicating at
0.21 mag, a weakening over the 11.8 years between these obser-
vations. It is also noteworthy that the most significant intensity
drops are evident in the wings of the BFs, that is, close to the star
itself. This finding independently confirms the innermost disc
temperature decrease, as shown in Sect. 3411
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4. Summary and conclusions

In this paper, we analyse recent uncoordinated space- and
ground-based photometric and spectroscopic observations of
V646 Pup in order to detect and offer a preliminarily charac-
terisation of low-amplitude light variations superimposed on the
general decreasing trend in brightness. This small-scale variabil-
ity carries important information about the physical processes
taking place in the inner disc and potentially also on the star it-
self during the stage of episodic accretion.

New V-filter data confirm the gradual light decrease in the
disc, which was previously noticed byReipurth et al. (2002). As-
suming that the decline rate 0.0175 mag yr~! stays the same, the
disc will remain in the outburst for another century. Because of
the 0.5 mag brightness decrease in visual band over 35 years, we
also made an attempt to update several disc-related physical pa-
rameters. As a result, we found that the smaller disc temperature
(6340 K) and smaller extinction and reddening (Ay = 1.74 mag
and E(B — V) = 0.56 mag, respectively) better match the flux-
calibrated spectrum obtained in 2017.

The power spectrum of V646 Pup computed from the de-
trended ASAS-SN data does not reveal any significant periods nor
quasi-periods. Instead, well-defined quasi-periods are present in
the space-based TESS light curve: its first half is dominated
by double-peaked light variability pattern, which is surprisingly
similar to that observed in the 2013-2014 MOST light curve of
FU Ori. We assume that the primary maximum could be caused
by changing visibility of a well-defined hot plasma parcel in
the course of its rotation around the star, whereas the secondary
maximum could be due to reflection effect. Nonetheless, it is
premature to conjecture on this possibility with greater certainty
due to the lack of simultaneous multi-colour and high-resolution
spectroscopic coverage. Similar reservations can be addressed to
the results obtained from the modelling of colour-magnitudes di-
agrams, which, in turn, were received without space-based sup-
port that could allow specific values of associated quasi-periods
to be determined. Nevertheless, these results are sufficient to sup-
port the preliminary conclusion that the inner disc in V646 Pup
is Keplerian and the stellar mass is of 0.7-0.9 My, If this is cor-
rect, then the double-peaked 4.8 + 0.2 d variability observed by
TESS in 2019 could be caused by rotation of a hot plasma par-
cel that appeared at 10.5-12 Rg. Certainly, such a well-defined
hot plasma parcel should also manifest its existence in the disc’s
rotational profiles. Broadening function profiles calculated from
archival Keck data do indicate such possibility.

V646 Pup and FU Ori appear to be ideal among FUors for
testing the results obtained from the global three-dimensional
magnetohydrodynamical investigation of the mechanism lead-
ing to and sustaining episodic accretion for over a century by
Zhu et all (2020). It would be also very instructive to compare
the results obtained for these two aging FUors with those for the
younger ones (V2493 Cyg —ISemkov et al! 2010, V960 Mon —
Maehara 2014, Gaia 18dvy —[Szegedi-Elek et all [2020), which
can be obtained in future coordinated time-series photometric
and high-resolution spectroscopic observations.
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