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ABSTRACT
The bright and understudied classical Be star HD 6226 has exhibited multiple outbursts in the last several years during which
the star grew a viscous decretion disc. We analyse 659 optical spectra of the system collected from 2017 to 2020, along with
a ultraviolet spectrum from the Hubble Space Telescope and high cadence photometry from both Transiting Exoplanet Survey
Satellite (TESS) and the Kilodegree Extremely Little Telescope (KELT) survey. We find that the star has a spectral type of
B2.5IIIe, with a rotation rate of 74 per cent of critical. The star is nearly pole-on with an inclination of 13.◦4. We confirm the
spectroscopic pulsational properties previously reported, and report on three photometric oscillations from KELT photometry.
The outbursting behaviour is studied with equivalent width measurements of H α and H β, and the variations in both of these can
be quantitatively explained with two frequencies through a Fourier analysis. One of the frequencies for the emission outbursts is
equal to the difference between two photometric oscillations, linking these pulsation modes to the mass ejection mechanism for
some outbursts. During the TESS observation time period of 2019 October 7 to 2019 November 2, the star was building a disc.
With a large data set of H α and H β spectroscopy, we are able to determine the time-scales of dissipation in both of these lines,
similar to past work on Be stars that has been done with optical photometry. HD 6226 is an ideal target with which to study the
Be disc-evolution given its apparent periodic nature, allowing for targeted observations with other facilities in the future.

Key words: circumstellar matter – stars: early-type – stars: emission-line, Be – stars: individual: HD 6226 – stars: oscillations –
stars: rotation.

1 INTRODUCTION

Classical Be stars are non-supergiant B stars that are rotating at nearly
critical rates (Rivinius, Baade & Štefl 2003). The rapid rotation,
perhaps coupled with other triggers such as pulsations or binarity,
causes the formation of equatorial decretion discs. These discs are
seen in hydrogen emission lines (the ‘e’ in Be) and sometimes
other spectral lines, free–free excess emission in the infrared and
radio, and through polarization of the continuum light (see review in
Rivinius, Carciofi & Martayan 2013). Long baseline interferometry

� E-mail: noel.richardson@erau.edu
†Eberly Research Fellow.

has verified the disc hypothesis and shown that the disc material
rotates in a Keplerian manner (e.g. Kraus et al. 2012). The Be
phenomenon tends to peak near the early-type B stars (McSwain
& Gies 2005) although this may be in part due to the observational
biases where the observables of later type Be stars are harder to
observe, (e.g. Vieira et al. 2017; Shokry et al. 2018).

Amongst the Be stars, the understudied HD 6226 (V442 And,
BD+46 245, SAO 36891) is the target of this study. It was noticed
by Bozic & Harmanec (1998) that the photometry of the star showed
semiregular outbursts, and HD 6226 was one of the first Be stars
predicted to be a Be star from its photometric behaviour. They
suspected that the star was a previously unrecognized Be star. The
outbursts differed from one cycle to another, but a time series of
the times of maximum light hinted at quasi-regular outbursts for the
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Recent outbursts and properties of HD6226 2003

system. In the year 2000, H α emission was detected that verified
the Be nature of the system, indicating an outburst period of ∼600
d (Božić et al. 2004). During most of this photometric cycle, the
star was observed in a low state with little variability followed by
outbursts of variable duration and amplitude.

Božić et al. (2004) also analysed a collection of 35 spectra of
HD 6226 taken over a span of ∼6 yr to further constrain the nature
of the variability. The emission profile for H α was typically double-
peaked during the outbursts, although the strength varied greatly.
The outbursts can last for weeks or months, but each outburst has a
different behaviour compared to previous emission episodes. During
most of the photometric cycle, the star is in a low state with little
variability followed by outbursts of variable duration and amplitude.
However, Gandet (2019) showed a blue spectrum obtained shortly
after the end of the data analysed by Božić et al. (2004), taken during
a time period where there should be no emission with their derived
600-d period, and this spectrum shows clear H β emission from a
disc. Similarly, Šlechta & Škoda (2005) found H α emission at a
time when it was predicted to be absent by Božić et al. (2004).

In addition to these disc variations, the star’s photospheric absorp-
tion profiles for He I and metal lines shifted in radial velocity with a
strict period of 2.615 d (Božić et al. 2004). The period was phased
accurately over the course of >6 yr, and recent spectra (Section 4)
verify the periodicity in the position of the line centre. This period
is similar to that of the pulsations observed in the slowly pulsating
B stars (see e.g. Aerts, Christensen-Dalsgaard & Kurtz 2010). Božić
et al. (2004) considered this to be a rotational property of the star,
despite its similarity to pulsational behaviour of other Be stars.

It has been shown that the variability of HD 6226 bears similarities
to the outbursting Be star ω CMa (28 CMa) and μ Centaurii. μ Cen
was the first Be star where pulsations were a reasonable explanation
for the disc outbursts (Rivinius et al. 1998a,b). In the cases of ω CMa
(Ghoreyshi et al. 2018) and λ Eri (Mennickent, Sterken & Vogt 1998),
the outbursts have been able to be predicted through photometry, and
the stars show line profile variations similar to those observed in the
spectrum of HD 6226 (Božić et al. 2004). One specific outburst of
ω CMa was monitored with photometry during the dissipation of the
disc. Models of the dissipation using HDUST and the viscous decretion
disc (VDD) model (Lee, Osaki & Saio 1991; Carciofi 2011) provided
the first ever measurement of the viscosity parameter in the disc, α =
1, and a disc mass injection rate of Ṁ = (3.5 ± 1.3) × 10−8 M� yr−1

(Carciofi et al. 2012). The mass injection rate is also an order of
magnitude above the mass-loss rate of the wind. More work was done
on ω CMa by Ghoreyshi et al. (2018), who analysed the photometric
behaviour over a period of nearly 40 yr. They found that each outburst
lasts for many years and that the outbursts do not seem to be periodic.
They also found that the viscosity parameter, α varies from 0.1 to 1.0.

In 2017 August, amateur spectroscopists noted new H α emission
in spectra of HD 6226. This prompted us to begin an intensive
observing campaign that incorporates a large collection of optical
spectra, Transiting Exoplanet Survey Satellite (TESS) photometry,
and the first high-quality ultraviolet (UV) spectrum of the star.
These observations are detailed in Section 2. In Section 3, we
discuss the fundamental parameters of the star from the optical
and UV spectroscopy, along with a model fit to a disc-free optical
spectrum and the UV spectral energy distribution. Section 4 details
the pulsational mode seen in the optical spectroscopy as well as
photometric oscillations from ground-based photometry. Section 5
details the star’s outbursting properties, while Section 6 presents
our analysis of the TESS data that were serendipitously taken while
the star was building a disc. Section 7 discusses our results and we
conclude this study in Section 8.

2 OBSERVATIONS

2.1 Optical spectroscopy

We collected many optical spectra that are archived in the BeSS
archive1 (Neiner et al. 2011). These spectra had moderate to high
spectral resolving power (R ∼ 7000–25 000), and spanned the time
between 2017 January and 2020 March. While some studies (e.g.
Wisniewski et al. 2010) have found offsets between differing resolu-
tions of spectroscopy for measurements such as the equivalent width
of lines, we find that these data provide measurements similar to
each other if the resolving power was greater than ∼5000. Thus,
we rejected lower resolution spectra from the BeSS archive for
this reason. All spectroscopic data were reduced using standard
techniques, with corrections for bias, dark, and flats being taken into
account. We note that more than half of the spectra we obtained from
the BeSS archive were taken with the eshel spectrograph,2 which
is an Echelle spectrograph manufactured by the Shelyak company.
We utilize these spectra for studying the pulsational properties of the
star as they have uniform resolution and wavelength coverage for
different observers and locations.

In addition to the BeSS archive, we obtained some data from
facilities within our collaboration, including the 1-m telescope at
Ritter Observatory (Toledo, Ohio, USA), the 0.8-m telescope at
the Three College Observatory (North Carolina, USA), the 0.3-
m telescope Reynolds Observatory (Potsdam, New York, USA),
and the 3.5-m telescope at Apache Point Observatory (Sunspot,
New Mexico, USA). All these data were reduced with standard
techniques employing use of biases, darks (when needed), flats,
and comparison lamp spectra. All spectroscopic data utilized in this
project are summarized in Table 1 that lists the observer/observatory
with the telescope aperture, the number of spectra and the re-
solving power of these data, as well as the HJDs of the time
series.

All spectroscopic data were normalized to the local continuum
consistently around features of interest, and H α spectra were
corrected for telluric contamination by means of division by a telluric
template from the atlas given by Hinkle et al. (2000). We analysed
659 H α spectra, 363 H β spectra, 372 spectra covering the He I 4471
and Mg II 4481 lines, 374 spectra covering the He I 4713 line, 362
spectra covering the He I 4921 line, and 369 spectra covering the He I

5876 line.

2.2 Ultraviolet spectroscopy with HST

We obtained an UV spectrum of HD 6226 with the Hubble Space
Telescope and the Space Telescope Imaging Spectrograph (STIS) on
2018 March 5 over the course of two consecutive orbits. We used
the E230M and E140M gratings to cover the range of 1150–3000
Å with a spectral resolving power of at least 40 000 (Kimble et al.
1998). The 0.2 × 0.05ND slit was used to obtain the spectra as the
object is too bright to observe without a neutral density filter. The
first orbit consisted of two E230M observations, with exposures of
572 s with the central wavelength of 2707 Å, and an exposure of
862 s centred at 1978 Å. The second orbit used the E140M mode,
centred at 1425 Å, and we exposed for 2919 s. Overall, the data are
of high quality, with a typical signal-to-noise ratio (SNR) of 15–20
per resolution element for most of the spectrum. The FUV channel
had a higher SNR than that of the NUV channels, allowing for stellar

1http://basebe.obspm.fr
2https://www.shelyak.com/description-eshel/?lang=en
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Table 1. List of contributed spectra, in order of number of spectra. All spectra cover H α, with the data sets highlighted in bold including lines such as He I

λ5876, H β, and Mg II λ4481 that were used in further analysis.

Observer or observatory Nspectra HJDfirst HJDend Spectrograph Aperture R
−2450000 −2450000 (m)

Thizy 245 7987.5452 8794.3721 eshel 0.28 11 000
Guarro Flo 76 7993.4328 8880.3072 eshel 0.40 9000
Charbonnel 57 8315.5591 8721.6023 eshel 0.50 11 000
Li 54 8000.157 8771.038 LHIRES 0.28 18 000
Stiewing 49 8770.7 8906.6573 LHIRES 0.28 18 000
Houpert 38 8057.4159 8847.3196 LHIRES 0.28 15 000
Garde 37 7802.2705 8865.2392 eshel 0.40 11 000
Daglen 20 7777.6348 8855.6228 LHIRES 0.35 17 000
Bryssinck 20 8881.3059 8881.3059 LHIRES 0.28 9000
Ritter Obs. 16 8176.5764 8208.5546 Low-dispersion spectrograph 1.00 4300
Kreider 15 8199.3425 8887.3368 LHIRES 0.43 11 000
Fosanelli 9 7811.3601 8351.4384 LHIRES 0.30 12 000
Desnoux 9 7956.5319 8441.2923 LHIRES 0.23 14 000
Clarkson 9 7998.7549 8176.5078 LHIRES 0.30
Bertrand 7 8051.48 8402.4273 LHIRES 0.20 15 000
Foster 7 8486.7017 8860.6762 LHIRES 0.43 13 000
Leadbeater 7 8769.3878 8816.2459 LHIRES 0.28 5400
de Bruin 6 8017.4124 8884.2778 L200 0.28 6200
Graham 5 8104.5126 8775.6183 LHIRES 0.30 13 000
Buil 4 7988.4413 8074.4039 eshel 0.25 11 000
Buil 4 8011.5289 8767.4588 VHIRES 0.25 39 000
Terry 4 8018.4112 8352.4009 LHIRES 0.28 13 000
Maetz 4 8718.4373 8871.3256 LHIRES 0.21 12 000
Halsey 4 8784.5018 8868.3617 LHIRES 0.23 12 000
Three College Obs. 3 8134.5832 8193.5283 eshel 0.81 11 000
de Bruin 3 8818.4372 8865.307 L200 0.28 18 000
Lester 1 7770.5334 LHIRES 0.31 8700
Apache Point Obs. 1 8175.5618 ARCES 3.50 38 000
Ubaud 1 8358.6368 LHIRES 0.28 19 000
Broussat 1 8373.4894 LHIRES 0.23 13 000
Gurney 1 8441.4463 LHIRES 0.25 13 000
Somogyi 1 8818.3911 LHIRES 0.30 18 000
Dumont 1 8848.3183 LHIRES 0.50 24 000
Dull 1 8880.3072 LHIRES 0.35 16 000

classification using the methods of Rountree & Sonneborn (1991,
1993).

2.3 KELT and KWS photometry

The Kilodegree Extremely Little Telescope (KELT) is a photometric
survey using two small-aperture (42 mm) wide-field (26◦ × 26◦)
telescopes, with a northern location at Winer Observatory in Arizona
in the United States, and a southern location at the South African
Astronomical Observatory near Sutherland, South Africa. The KELT
survey covers over 60 per cent of the sky and is designed to detect
transiting exoplanets around stars in the magnitude range 8 <V< 10,
but obtains photometry for stars between 7 < V < 13. Labadie-Bartz
et al. (2017) included HD 6226 (V442 And) in their survey of light
curves of Be stars. We utilized these data, as well as some newer
observations. These data are reduced with the same techniques as
Labadie-Bartz et al. (2017), using the techniques described in detail
by Pepper et al. (2007, 2012). The KELT pipeline produces both raw
and detrended versions of the light curves. The detrending process is
built into the KELT pipeline, and uses the Trend Filtering Algorithm
(Kovács, Bakos & Noyes 2005) as implemented in the VARTOOLS

package described by Hartman (2012). We used these data in our
pulsational analysis after removing outliers and subtracting long-
term trends on scales of more than 6 d.

We also use some lower precision photometry taken with the
Kamogata/Kiso/Kyoto Wide-field Survey (KWS).3 These data were
taken in V-band, and have a typical error listed of 0.008 mag,
but subsequent exposures show differences of ∼0.02 mag. This
discrepancy in the errors and subsequent exposure measurements
led us to only use these data for qualitative purposes in Section 7.

2.4 TESS photometry

The TESS (Ricker et al. 2016) observed HD 6226 (TIC 196501216)
for 25.02 d with a 2-min cadence. The resulting light curve contains
18 012 points taken during the satellite’s Sector 17 campaign (2019
October 7 to 2019 November 2). We utilized the light curve
reduced and available from MAST for the pulsational analysis, which
included data taken with a 2-min cadence. We also use the available
full-frame images, which contains long-term trends for the analysis
of the disc and represent a 30-min cadence for the time series.

Jenkins et al. (2016) describe the TESS science processing op-
erations centre pipeline that produces the 2-min light curves. We
downloaded these 2-min data and used ‘PDCSAP’ flux, which
generally produces smooth light curves without any large drifts

3http://kws.cetus-net.org/maehara/VSdata.py
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Recent outbursts and properties of HD6226 2005

Figure 1. A comparison of the spectrum of HD 6226 (black spectrum, top) and the spectral standard star π2Cyg (red spectrum, bottom). The UV spectrum of
HD 6226 is from our HST program, while the spectrum of π2 Cyg was obtained from the IUE archive. The HST data were smoothed to the resolution of the IUE
data. The optical spectra were taken with the ESPaDOnS spectrograph on the CFHT, and from the archive. The optical spectrum showed no signature of H α or
any other Balmer emission. Observations have been smoothed for clarity in the figure. We shifted the spectrum of π2 Cyg to match the radial velocity of HD 6226.

in flux from systematic effects on the detector. We performed no
additional processing on these light curves. We also note that these
data were taken during a time when the star had a changing disc,
and the long-term trends that are likely associated with the outbursts
(e.g. Božić et al. 2004) are therefore removed from this light curve,
but variability on the time-scales of a few days remains intact.

3 FUNDAMENTAL PARAMETERS OF HD 6226

3.1 Spectral classification in the ultraviolet and optical

One of our goals for the UV observations with HST was to ensure
that the stellar parameters were correctly measured, including the
spectral type. This is especially important for Be stars, where the
disc can contaminate the flux and change line ratios, or introduce
emission in some lines, altering the measured spectral type. We
anticipate that even though Balmer emission was present at the time
of our HST observations, the disc has minimal effect at these shorter
wavelengths.

UV spectroscopic classification for B stars is described in detail
by Rountree & Sonneborn (1991, 1993). UV classification is done
for B stars in the range of 1200–1900 Å. The main lines used in UV
classification, include He II λ1640, C III λ1247, C IV λλ1548, 1551,
N III λλ1748, 1751, N IV λ1718, Al III λλ1854, 1863, Si II λλ1264,

1310, Si III λ1300, Si IV λλ1393, 1402, and Fe II λλ1600–1610. All
these lines are included in the HST spectrum, with sufficient SNR to
permit easy detection of lines if they are present.

This portion of the UV spectrum between 1200 and 1900 Å, shown
in Fig. 1, has some important features. He II λ1640 is very weak, with
N III λ1748–1751 and N IV λ1718 absent. Si II λ1264 is stronger than
C III λ1247, with Si II λ1310 weaker than Si III λ1300. These features
are consistent with a B2.5 spectral type. The presence of C IV λλ1548,
1551 in the spectrum indicates a luminosity class III. We also show in
Fig. 1 a comparison of the HST UV spectrum with that of the B2.5III
standard star π2 Cyg from the work of Lesh (1968) and Rountree
& Sonneborn (1993). The spectrum of HD 6226 appears to be very
similar to that of the standard star with the major classification lines
matching quite well.

The MiMeS survey (Wade et al. 2016) observed a large number
of O and B stars searching for magnetic fields through optical
spectropolarimetry with the ESPaDOnS spectrograph on the CFHT.4

HD 6226 was included in the sample, and the spectrum from 2011
June 17 shows no obvious signs of Balmer emission (see Fig. 1).
We assume that the star was disc free at the time of the ESPaDOnS

4The ESPaDOnS data were downloaded from the Polarbase archive (Donati
et al. 1997; Petit et al. 2014), http://polarbase.irap.omp.eu/
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observation, although we have no photometric record around that
time period. The Stokes I spectrum from this observation was very
high quality, with an SNR of several hundred in the continuum. The
ESPaDOnS archive also contained a spectrum of the standard star
π2 Cyg. The spectra of the two stars are indistinguishable in the
Balmer lines. The He I and metal lines matched in ratio, but the lines
of π2 Cyg are narrower and deeper than the lines of HD 6226. This
is consistent with the previous observations of Božić et al. (2004)
showing that the projected rotational velocity vsin i of HD 6226 is
70 km s−1, while the results of Abt, Levato & Grosso (2002) show
that π2 Cyg has a vsin i of 35 km s−1. While optical classification of
Be stars can be difficult given possible disc contamination, it seems
that the quiescent optical spectrum of HD 6226 yields a classification
that is consistent with that from the UV spectroscopy.

3.2 The ultraviolet SED and underlying parameters

The UV portion of the spectral energy distribution is not affected
by the free–bound and free–free emission that causes the infrared
excess observed in Be stars. Thus, the UV SED, as measured with
our HST observations, and the optical line profiles in the absence of
emission, can be used to determine the stellar parameters. We used
the BEATLAS Markov chain Monte Carlo (MCMC) method, described
in Mota et al. (in preparation) and Mota (2019). BEATLAS consists of a
grid of thousands of radiative transfer models for Be stars, calculated
with the HDUST code (Carciofi & Bjorkman 2006, 2008), that covers
the range of stellar parameters relevant to the Be phenomenon (i.e.
spectral subclasses O9 to A0). To explore the grid and sample
the parameter space, the PYTHON implementation of the affine-
invariant MCMC ensemble sampler of Goodman & Weare (2010),
EMCEE, is used. Using the Monte Carlo approach has the distinct
advantage of providing us not just a best-fitting model, but rather a
probability density function (PDF) for each of the parameters, and the
correlations between them, which makes a more statistically robust
inference for the derived parameters.

The BEATLAS simulation takes as input the grid of models, the
observational data for the star and whatever prior information is
available in the literature. As input data, we use the UV HST
observation described in Section 2.2, and the archival ESPaDOnS
H α line profile, which was made when the star had no signs of a disc
in the optical Balmer profiles. As prior information, we use the Gaia
DR2 parallax (Gaia Collaboration 2018) of π = 0.639 ± 0.077 mas.
The stellar parameters covered in BEATLAS are the mass, Mstar, the
inclination angle of the star’s spin axis with respect to the line of sight,
i, the rotation rate, W = vrot

vorb
, as defined in Rivinius et al. (2013), and

the fractional age of the star in units of main-sequence lifetime (t/tMS).
In addition to these, fitted parameters are the parallax, π , and two
parameters that define the interstellar reddening, namely E(B − V)
and the total-to-selective extinction ratio, RV. We note that the E(B−
V) andRV parameters could be slightly contaminated by circumstellar
disc that was present at the time of the UV observations, based on our
H α and H β analysis (Section 5). The code also derives values for the
equatorial and polar radii as well as the gravity darkening exponent β
(originally defined by von Zeipel 1924). Other parameters needed for
the BEATLAS HDUST runs (e.g. Rstar) are calculated using the Geneva
grid of models for fast spinning stars (Georgy et al. 2013a).

The simulation was run with 300 walkers and 5000 steps, and had
an acceptance fraction of 0.33, which is within the range defined by
Foreman-Mackey et al. (2013) for examining the parameter space
that will describe the stellar parameters. The walkers represent the
number of separate models exploring parameter space during the
Monte Carlo run, whereas the steps are the number of iterations

that each walker takes during the process. The results are shown
in Fig. 2 and the outcome is summarized in Table 2. We define the
uncertainty range in the determination of each parameter as the range
of the highest density (or probability) region (HDR) of each PDF that
contains 68 per cent of the density. The most likely (or ‘best-fitting’)
value for each parameter is represented by the mean of the HDR.

Both the UV SED and the H α line profile are fit well by the
models. The E(B − V) parameter is quite well constrained by the
2200 Å band associated with interstellar matter (Cardelli, Clayton
& Mathis 1989). The high uncertainties in W are explained by the
double-peaked shape of the PDF, which indicates that while the
highest probability lies around the values of 0.74, but a much larger
value for W cannot be excluded. The star is seen at an almost pole-on
orientation (i = 13.4+2.5

−3.0◦). The estimated value for v sin i = 57+42
−18

km s−1 is in agreement with the value of 70 km s−1 of Božić et al.
(2004).

The inferred parallax is about 50 per cent larger (about 4σ ), than
the Gaia DR2 value. To investigate this issue we performed two
other BEATLAS simulations, one without the parallax prior, another
two forcing the parallax to lie within 1σ of the Gaia DR2 or EDR3
values. In the first of these simulations, our results are very similar
to those of our derived model using the Gaia parallax, with a slightly
different mass (7.3 M�), and a similar goodness of fit. In the second
model, the derived mass is then much larger (10.3 M�), but the
quality of the fit is much poorer, as the reduced χ2 is increased by
roughly a factor of 3 for the UV SED, and about a factor of 1.5
for the H α line. Finally, in a third model, we also use the newer
Gaia EDR3 parallax as a prior. This model suffered from unrealistic
values of W and vsin i. Since we see that the value for vsin i must
be higher than that of the spectral standard π2 Cyg (Section 3.1),
the derived value of 26 km s−1 from the third model led us to adopt
the model that has a free parallax and has a distance consistent with
the Gaia DR2 measurement. The inconsistencies from these models
seem to lie with the Gaia parallax, which may be explained with an
unresolved binary companion in the system. If the orbital inclination
of a binary companion is similar to the rotational inclination, ∼13◦,
then we suspect that any orbital-related photometric or spectroscopic
variations would be too small to detect.

We note that Božić et al. (2004) did find a ∼25 d period that could
be associated with such a binary, but their data were too scarce to
make a strong statement about the cause of that periodicity. Many Be
stars are thought to have a stripped star companion, such as the case of
φ Per (Gies et al. 1998; Mourard et al. 2015) and several other Be stars
(see e.g. Wang, Gies & Peters 2018, and references therein). If the
putative binary companion is a stripped star, then its luminosity would
be much smaller than that of the Be star, and it would not influence
our analysis of the UV spectrum. However, if the companion were
a main-sequence star of comparable mass to HD 6226, it could help
reconcile the UV spectrum with the Gaia distance. The presence of
a companion star may cause additional uncertainty in the derived
parameters such the main-sequence lifetime.

The proper motion of HD 6226, combined with the high radial
velocity of the star makes the star a runaway star according to Boubert
& Evans (2018). It is situated well out of the plane of the Galaxy,
and the mean radial velocity indicates that it is on its way back to
the plane. We used the GALPY package (Bovy 2015) and the Gaia
proper motion to estimate the time of flight since ejection from the
disc. Using a mean radial velocity of −55 km s−1, the result is a
time of flight of 31 Myr which compares to the evolutionary age
of 51 Myr for a 7 M� model from Georgy et al. (2013b). It may
be a star that was spun up by binary mass transfer and then ejected
when the companion experienced a supernova explosion. Many OB
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Recent outbursts and properties of HD6226 2007

Figure 2. Corner plot for an MCMC simulation of HD 6226. The main diagonal shows the PDF for each fitted parameter (see the text for details). The vertical
dashed lines mark the limits of the HDR, while the solid black line is the mean value in the region, and the most likely value for each parameter. The off-diagonal
plots indicate the two-on-two correlations of the probabilities. The inset shows the UV SED (upper part) and H α spectrum (bottom part). The data are shown as
the blue points with error bars. The red line represents the model obtained from the most likely values for each of the parameters, and the grey lines in the SED
panel are the models proposed in the last position of each of the walkers in the BEATLAS simulation. Note that the model is only used to calculate the hydrogen
lines, so the C II doublet is not modelled in the shown profile.

runaways are indeed rapid rotators that have experienced spin-up. In
that case, HD 6226 may have been rejuvenated by mass transfer, and
the current age estimate corresponds to the time since mass transfer
was completed.

4 PULSATIONAL PROPERTIES

Božić et al. (2004) found that HD 6226 had a spectroscopic variability
signature with a period of 2.61507 ± 0.00013 d, which they
interpreted as the rotational period. They found some evidence

of line profile variations with a period of ∼24–29d in the He I

λ6678 transition, but they did not have sufficient spectral cadence to
document adequately such long time-scale variability.

We confirmed this spectroscopic signature of pulsations with our
time series spectroscopy, concentrating on data taken with eshel
spectrographs for consistency between the different observational
setups. We considered the lines of He I λλ4471, 4713, 4921, and
5876, along with Mg II λ4481. We chose these lines as they had rea-
sonable signal-to-noise ratios (SNR ∼ 100 per resolution element),
and were sufficiently far from the edge of the orders. By limiting our
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2008 N. D. Richardson et al.

Table 2. Fitted and derived parameters for HD 6226 using the BEAT-
LAS MCMC sampler.

Parameter Value Type

M (M�) 7.05+0.75
−0.31 Free

W 0.74+0.14
−0.03 Free

t/tms 0.96+0.04
−0.12 Free

i (◦) 13.4+2.5
−3.0 Free

π (mas) 1.14+0.03
−0.04 Free

E(B − V) 0.14+0.01
−0.01 Free

RV 1.65+0.10
−0.10 Free

Req/Rp 1.27+0.12
−0.02 Derived

Req (R�) 7.4+1.3
−1.1 Derived

log(L) (L�) 3.58+0.19
−0.17 Derived

log(g) (cgs) 3.55+0.18
−0.17 Derived

β 0.18+0.00
−0.02 Derived

v sin i (km s−1) 57+42
−18 Derived

Teff (K) 17 000+3500
−2600 Derived

analysis to the eshel data, we had more than 350 observations per
line. There is evidence of similar variations in the hydrogen lines (see
e.g. Figs 5 and 8 for a dynamical representation of the data during
the TESS observation time frame), but the frequent contamination by
the disc emission prevented us from analysing the exact behaviour.
The behaviour is similar to that of the pulsating Be stars discussed
by Rivinius et al. (2003), and we interpret these variations in that
context here.

We performed a cross-correlation of our spectra against a template
line profile from the TLUSTY BSTAR2006 grid (Lanz & Hubeny
2007) using the parameters of Teff = 17, 000 K, log g= 3.0, and vsin i
= 70 km s−1, similar to that of Božić et al. (2004) and our modelling
results. This is also consistent with fundamental parameters of other
normal B giants, such as the B3III star HD 209008 that was found
to have Teff = 15, 800 K by Nieva & Przybilla (2014). We used this
rather than our model from Section 3, as the model in Section 3 only
calculates the hydrogen line profiles. The resulting velocities are
included in the appendix. Many of these lines were used by Rivinius
et al. (2003), allowing us to qualitatively compare our results to that
of other Be stars.

We calculated Fourier amplitude spectra (Fig. 3) for the radial
velocity of each spectral line with the PERIOD04 software (Lenz &
Breger 2005). In Fig. 3, we show the Fourier amplitude spectrum of
the Mg II radial velocities. All lines show similar behaviour in the
resulting Fourier analysis, and the inset plot shows the resulting peak
frequency, which is common for all lines, of 0.382332 ± 0.000026
d−1, corresponding to a period of 2.61553 ± 0.00018 d. We note that
the inset panel shows the Fourier spectrum for all line transitions,
and these were combined in the derived frequency. This value is
very similar to the 2.61507 ± 0.00013 d period derived by Božić
et al. (2004), and the differences could be that our time series has a
shorter baseline and lower spectral resolution than that of Božić et al.
(2004), but also has a larger number of spectra. Our maximum radial
velocity occurs at the epoch HJD 2458041.67168 ± 0.00025, which
is within errors of the maximum radial velocity epoch measured by
Božić et al. (2004).

Our Fourier transform spectra shown in Fig. 3 all showed several
aliases of the dominant frequency due to diurnal sampling. These
included frequencies of the form n± f, where n is an integer between
1 and 6. These aliases are highlighted with vertical red dashed lines.

Figure 3. Fourier Amplitude spectra of radial velocity measurements of He I

λλ4471, 4713, 4921, 5876 (red, blue, green, and orange, respectively) and
Mg II λ4481 (black) are shown in the top panel. The dominant frequency is
indicated with a large arrow, while diurnal aliases are indicated with vertical
red, dashed lines. The bottom panel shows the Fourier amplitude spectrum of
the KELT photometry. The orange highlighted regions represent the regions
that are zoomed in for the two inset panels, where we show the derived
frequencies as vertical red dashed lines. All other peaks are aliases of the
derived frequencies similar to the derived frequencies from the spectroscopic
measurements. The neighbouring peaks for both time series are spaced close
to the expectation for 365 d, originating from the Earth-based data sets.

Once we fit the dominant period and subtracted the trends from the
data, these aliases did not show up in Fourier amplitude spectra of the
residuals. The variance of the residuals between the sinusoidal fit and
the data are comparable to typical errors in the data. The amplitude
of the spectral variations varied depending on the line measured. The
fit parameters are given in Table 3, with the fits shown in Fig. 4.

We subtracted average line profiles of each transition from all
observations and show the resulting residual variations in Fig. 4,
which shows the variability of He I λ5876 and Mg II λ4481. The
observations show a bright or dark part of the profile moving from
blue to red across the profile over the period. The TESS photometry,
which will be discussed in Section 6, also show some evidence of
the pulsational period, although at lower amplitude given the redder
passband of the TESS instrument than the KELT data. The results of
the other lines were similar and are shown in the online appendix.

Overall, we suspect that this periodic line profile variation corre-
sponds to a low-order non-radial mode. We re-examined the KELT
photometry of HD 6226 (Fig. 3; Labadie-Bartz et al. 2017), and
saw that there is a weak associated peak in the Fourier spectrum
with an amplitude of 2.3 mmag. With such a weak associated light
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Recent outbursts and properties of HD6226 2009

Table 3. Derived pulsational frequencies from spectroscopic and photometric measurements.

Line Frequency Period Amplitude V0 rms Nmeasurements

(c d−1) (d) (km s−1) (km s−1) (km s−1)

He I 4471 0.382313(36) 2.61566 4.36(33) −59.6 4.00 372
He I 4713 0.382325(20) 2.61557 6.49(22) −58.1 3.07 374
He I 4921 0.382310(18) 2.61568 5.84(21) −56.2 2.52 362
He I 5876 0.382342(21) 2.61546 6.72(25) −57.7 3.50 369
Mg II 4481 0.382368(22) 2.61528 7.46(32) −58.7 3.99 372

Combined 0.382332(26) 2.61553(18) – – – –
Božić et al. (2004) 0.38240(02) 2.61507(13) – – – 35

Photometric band Frequency Period Amplitude
(c d−1) (d) (mmag)

KELT (∼R) 0.38243(21) 2.6149(47) 2.35
KELT (∼R) 0.70787(21) 1.41269(42) 2.61
KELT (∼R) 0.71940(26) 1.39013(50) 2.16

Figure 4. Dynamical representation of HD 6226 He I λ5876 (left) and Mg II λ4481 (centre) spectra during our campaign phased on the 2.6 d pulsational period.
The grey-scales show the differences from an average profile and the phasing is referenced in Table 3. The black/white contrast indicates a ±4 per cent deviation
in each plot. The depth of the individual line profiles is shown in continuum units in each panel. Each shown line profile represents an average of all observations
in a 0.05 phase interval. Representations of the He I λλ4471, 4713, 4921 profiles are shown in the appendix. On the right-hand panel, we show the radial
velocity of the absorption lines measured [Mg II (black), He I λ4471 (red), He I λ4713 (green), He I λ4921 (blue), and He I λ5876 (orange)]. Each point was
measured via cross-correlation with a TLUSTY stellar atmosphere model with similar stellar parameters. Measurements are offset for clarity and colour coded.
All measurements are phased to the same reference time and period.

variation, we suspect that it should be at least an l = 2 mode
based on comparisons to the pulsations discussed by Rivinius et al.
(2003). Qualitatively, our grey-scales in Fig. 4 look similar to ω CMa
that were observed by Rivinius et al. (2003). However, the case of
HD 6226 provides a much longer period than in any of the Be stars
studied by Rivinius et al. (2003). Given the long period, we suspect
that the star is a slowly pulsating B star (SPB), and is not a pulsating
β Cephei star.

The KELT data were detrended to remove variability on time-
scales longer than 6 d so as to remove the outbursting trends from the
data as well as any systematic effects associated with yearly or lunar
cycles. We found that the frequency detected in the spectroscopic
absorption lines was also seen in the photometry, with an amplitude
of 2.35 mmag. The KELT data also show evidence of a pair of
frequencies at 0.70786 d−1 and 0.71936 d−1. These correspond to
periods of 1.41 and 1.39 d, with amplitudes of 2.6 and 2.2 mmag. We
show the Fourier transform from the KELT data in the second panel

of Fig. 3. The 1.4 d time-scale was also seen in the TESS data, but
the period varied over the time of the TESS data, which we discuss
in terms of the outbursting disc in Section 6.

There are three detected pulsational modes between the analysis
of the spectroscopy and the KELT photometry. These modes are
consistent with those of slowly pulsating B stars. Given the model
presented for the Be star based on the data available in Fig. 2 and
Table 2, we see that the mass is 7.1 M�, which is near the high end
for what we expect for an SPB star (see chapter 2 of Aerts et al. 2010).
Indeed, the star would seem to lie closer to the expected instability
strip for the β Cephei stars. However, Miglio, Montalbán & Dupret
(2007b) find that the instability strip for SPB stars extends itself to
higher luminosities and has a large overlap with the instability strip
for the β Cephei stars.

We conclude that HD 6226 is a slowly pulsating B star with narrow
lines and P = 2.6 d. We see a higher amplitude radial velocity
variation in the Mg II line than in the He I lines, and Božić et al.
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2010 N. D. Richardson et al.

Figure 5. H α line profiles from the first well-observed outburst in our spec-
troscopic data set, showing three representative profiles. The weak emission
profile (pure absorption) on the bottom was taken on HJD 2458077.2, the
moderate emission was taken during the decay phase on HJD 2458018.5, and
the strong profile (top) was taken on HJD 2457999.5. The spectra are offset
for clarity, and we show the model calculated in Section 3.2 as a dashed line.
We subtracted the model from these profiles to obtain the profiles shown in
the right-hand panel and found the disc profiles to be single-peaked. Note
that the subtracted model is only for the hydrogen line, leaving the weak C II

λλ6578, 6583 absorption lines in the subtracted region.

(2004) found that the metal lines had higher amplitude variations.
We suspect that the larger amplitude of the metallic radial velocity
shifts are due to the intrinsic atomic broadening in each case.
Metal transitions have narrower features that create more contrasting
features in the Doppler-shift distribution of the profiles. Indeed the
bumps look sharper in the Mg II case in Fig. 4. This results in a
larger amplitude when measured using cross-correlation methods.
The star also exhibits two photometric periods of P = 1.39 and 1.41
d providing the constructive modes and episodic ejections, which
will be discussed by explaining the H α and H β outburst behaviour
in the following section.

5 SPECTROSCOPIC MEASUREMENTS OF THE
OUTBURSTING DISC ACTIVITY

Be star outbursts are typically considered to be discrete events with
time-scales of days to decades, representing a time when material
from the star is transferred to an equatorial decretion disc, governed
by gravity and viscosity. During the outburst events, the emission and
polarization can change as the inner-most portions of the disc increase
in density (Rivinius et al. 2003). The appearance of these outbursts
depend on many system properties, including the inclination of the
disc, as an edge-on disc will absorb light and cause the star to appear
dimmer, whereas a nearly pole-on star will appear brighter (Sigut
& Patel 2013). In the case of HD 6226, Labadie-Bartz et al. (2017)
examined the star with KELT photometry, observing photometric
outbursts and classifying the star as having intermediate periodicity
with periodic variability with time-scales greater than 2 d. They also
found outburst variability with semiregular outbursts, and reported a
period of 60.3 d.

The star went through dramatic episodes of disc building and loss
through the time period of 2017–2020 (see e.g. Fig. 6). With our
extensive spectroscopic data-set, we can study these disc episodes
through measurements of sensitive lines, in particular H α and H β.

Our study of HD 6226 truly began in late August 2017 when one
of us (Thizy) observed the star was growing a disc shortly after it

Figure 6. H α (top) and H β (bottom) equivalent widths. We show the time
of the HST observation with a vertical blue dashed line. The timing of the
TESS observations is shown as a grey rectangular region. We overplotted
our two-frequency fit to the data as a red solid line. The dashed blue line
represents the epoch of the HST observation.

had been observed in a disc-less state. We began our analysis of the
stellar disc with measurements of the equivalent width of the H α and
H β lines. In Fig. 5, we show three of the H α profiles from the time
surrounding the first outburst from our campaign. We subtracted the
model described in Section 3.2 from the profiles and found that the
disc does not show double peaks. This further supports the results of
Section 3.2, in that we observe the disc close to a pole-on orientation,
and we then see only a small separation of the peaks observed in the
raw spectra in Fig. 5.

We measured the equivalent width of the H α and H β profiles, as
shown in Fig. 6. We tabulate these values in the appendix online.
The H α equivalent width shows evidence of six outbursts during
the time period we examined, with some additional emission present
at the time preceding our campaign. Overall, these variations are
seen to be similar, but the amplitude of the H β variability is smaller
than the H α variations, as expected. The H α variations are better
sampled, as more H α spectra exist in BeSS, but are often seen to
have larger errors, which can be explained as the H β spectra are all
from eshel spectrographs, and are therefore more consistent between
different observers. Errors were estimated based on the SNR for the
observation as well as the spectral resolution. This was done based
on the derivation by Vollmann & Eversberg (2006) with the formula

σ = n�λ − Wλ

SNR
.

Here, σ represents the error, n is the number of data points across the
region of integration, �λ is the pixel separation, Wλ is the measured
equivalent width, and the SNR is the signal-to-noise per resolution
element.
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Recent outbursts and properties of HD6226 2011

Table 4. Derived frequencies for the equivalent widths.

Line Frequency Period Amplitude Wλ0 Phase (relative to)
(c d−1) (d) (Å) (Å) (HJD 2450000)

H α 0.004742(19) 211.9(8) 1.157(41) 2.073(31) 0.9180(72)
H α 0.011499(29) 87.0(6) 0.845(40) – 0.7138(83)
H β 0.004742(67) 211.9(8) 0.342(37) 3.479(35) 0.918(17)
H β 0.011499(80) 87.0(6) 0.284(37) – 0.714(20)

We analysed the data with the same kinds of Fourier techniques
used in our pulsational analysis and found evidence of two fre-
quencies in the data. We note that Fourier analysis is not a perfect
way to go about understanding the outbursts as they are inherently
non-sinusoidal. For example, we know that the light curves of Be
stars are often modelled to have exponential decay (e.g. Ghoreyshi
et al. 2018). However, the Fourier analysis shows that the timing of
the maxima and minima in the equivalent width variability can be
reproduced with two periods. The details of the two found periods
and the fit are given in Table 4. We note that the variable in Table 4
of Wλ0 refers to the point at which the equivalent widths oscillate
around, which is an ‘average’ equivalent width, so that the variability
shown in Fig. 6 can be reproduced by the equation

Wλ = Wλ0 +
n∑

i=0

Ai sin(2π (fit + φi)).

In this formulation, Ai is the amplitude of the particular sine wave,
fi is the frequency, t is the time, and φi is a phase introduced to
shift the maxima to the correct time points. We note that there was
no indication of the 2.615 d pulsational period (Section 4) in the
analysis of the equivalent widths.

Be star disc lines are often analysed with the ratio of the violet-
to-red emission peak heights (V/R). With HD 6226, this is a difficult
measurement to consider as the disc peak is quite narrow compared
to most Be stars, likely due to a pole-on orientation. The raw
profiles show a double-peaked emission, but they appear as single
peaked when the model spectrum is subtracted (see Fig. 5). In our
online supplement, we show individual line profiles and dynamical
representations of the data in Appendix A, along with a 3D printable
version of the first outburst in H α in Appendix B.

One advantage of the analysis of V/R measurements is that one can
determine the radial velocity difference between the two peaks. In
the case of μ Cen (Rivinius et al. 1998a), the onset of a disc outburst
shows a larger separation of the radial velocity of V and R peaks due
to the disc material being located closest to the star at that time. As
time continues during the outburst, the material moves further out,
causing the velocities to lower and the peaks to move closer together.

Since we are unable to measure the V and R peaks directly, we
decided to fit the residual profile resulting from subtracting the model
spectrum from the individual observations. Our fit was comprised of a
simple Gaussian, yielding three parameters: the central peak velocity,
the peak height, and the width, which are tabulated in Appendix C.
The full width at half-maximum (FWHM) is a good proxy for the
difference in the radial velocity difference between the V and R peaks
as it measures the difference of the velocity between the two sides
of the emission that is roughly Gaussian shaped. In order to make
these measurements, we first culled our data to observations when
the equivalent width was less than 2.75 Å for H α or less than 3.6 Å
for the H β profile so that we only measure spectra with a disc profile
that is easily seen with the typical SNR of the data. The FWHM
measurements are shown in Fig. 7,and we see a general decline in
each of the outbursts. For the H β observations, the data are more

Figure 7. The FWHM of the H α (top) and H β (bottom) emission features,
calculated from the residual of the of the observed minus photospheric model
profiles (Section 3.2).

uniform, and we see the width becomes very narrow near the end of
the outbursts. The peak height measurements show almost identical
curves to the equivalent width curves, so are not shown in our plots.
We estimated the errors of these measurements as the error from the fit
of the Gaussian, which is likely an underestimate of the actual error.

6 TESS PHOTOMETRY

The TESS observations were obtained as the disc was beginning to
grow according to the H α and H β activity, as shown in the grey-
highlighted portion of Fig. 6. This is supported by the full-frame
image light curve that shows an increase in flux through the beginning
part of the TESS observations. The flux then decreases even while the
H α equivalent width continues to grow due to the different formation
radii for the broad-band optical flux and hydrogen emission. The
H α and H β line profiles increase in strength throughout the time
period of the TESS observations, and the line profile peak oscillates
from being blueshifted to redshifted and back during this time-scale
(Fig. 8).

We show the TESS light curve in the top panel of Fig. 9. The light
curve shows variations with a time-scale of ∼1.4 d. The extracted
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2012 N. D. Richardson et al.

Figure 8. A dynamical representation of the H α spectra from the time of the TESS photometry is shown on the left, with an average profile shown in the bottom
panel. On the right, we show the line profiles of H α (left-hand panel) and H β (right-hand panel). The time of the observations is noted on the y-axis. We note
that some evidence of the pulsational signature (2.615 d) is seen in the dynamical spectrum.

30-min cadence light curve shows the effect of the disc growth during
this time. This looks to be similar to the time-scale of the shifting of
the profile morphology in Fig. 8. We performed a Fourier analysis
of the TESS photometry. In the bottom panels of Fig. 9, we show
the combined Fourier transform of the entire 2-min cadence TESS
light curve. We divided the light curve into two halves based on
the gap in coverage. The Fourier spectrum of the entire data set
shows the strongest peak to be a broad feature near 0.7 d−1, which
is confirmed visually in the second half of the light curve. We also
indicate the pulsational frequency seen spectroscopically as well as
the two additional frequencies derived from the KELT data in the
panels for the Fourier spectra. The KELT data were too sparse in this
time period for inter-comparison.

In order to further examine the variability in the observed light
curve, we took 5-d segments of the 2-min cadence light curve and
then performed a Fourier analysis on each segment. The resulting
strongest peak is indicated in each of the Fourier spectra shown in
Fig. 9 with a red point. The peak frequencies are plotted in the top-
middle panel, where the symbol size is proportional to the amplitude
of the signal. The H α equivalent width measurements from the same
time period are also plotted for convenience, showing an increase in
emission during this time.

The beginning of the TESS observations is dominated by a lower
amplitude signal that becomes smaller with time. As the disc reaches
a maximum near the time of the TESS data gap (so that the satellite
can send data back to Earth), the signal became strong and then stayed
roughly constant in frequency and amplitude for the remainder of the
TESS observations. This is consistent with a constructive interference
of the two KELT periods being the driving mechanism for the disc
growth for the HD 6226 system.

7 DISCUSSION

The KELT study of the photometric behaviour of 610 Be stars found
21 per cent of the Be stars show semiregular outbursts (Labadie-
Bartz et al. 2017, 2018). However, these are not necessarily periodic.
Amongst the semiregular outbursting Be stars, λ Eri has been shown
to have periodic photometric outbursts with a period of either 469
or 939 d (Mennickent et al. 1998), which are harmonics of each
other. If we consider the longer period harmonics, λ Eri shows
signs of multiple outbursts that have different strengths each cycle.
Mennickent et al. (1998) also showed that HR 2142 had a periodic
time-scale of 344 d in its photometry.

The periodic nature of the outbursts can provide the context in
which we can predict upcoming outbursts of disc activity in order
to better observe and then model the formation scenarios of Be
star discs. Our data presented here on HD 6226 have shown the
strong activity cycles for pulsations and outbursting activities in this
fairly bright Be star, similar to those seen for λ Eri and HR 2142.
We anticipate that much of the predictable nature of the equivalent
widths (see Fig. 6) can only be used to predict the time periods when
outbursts should occur. We suspect that the recurrence time-scales
derived may be a sort of beating mode of multiple stellar pulsations,
where the ‘difference/combination frequencies’ exist when there is
some non-linear coupling coinciding with a maximum time of these
pulsations ejecting material into the disc.

Given the two frequencies needed to reproduce the timing of the
H α and H β variations in Fig. 6 and Table 4, we can speculate that
the disc is grown through coherent addition of several various stellar
phenomena. We see a slow pulsational period of 2.6 d (Section 4,
Table 3) that is reminiscent of the slowly pulsating B stars and is
not atypical amongst the classical Be stars. SPB stars have longer
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Recent outbursts and properties of HD6226 2013

(a)

(b)

(c)

(d) (e)

Figure 9. Panel (a): The TESS light curve is plotted (black: 2-min cadence data; blue: full-frame image light curve). Panel (b): The measured frequencies for
5-d increments of the time-string is shown. The errors on the measured frequencies are shown, and the circles representing the measurement are proportional to
the measured amplitude of the measured frequencies. Panel (c): The measured H α equivalent width during the time of the TESS observations, which is seen
to be increasing during the first half of this time period. Panels (d) and (e) show the Fourier spectra of the time series. The bottom-most spectrum in bold is
of the full time series, and each spectrum above is representative of a 5-d increment in the TESS data. Panel (d) shows the data from the first half of the TESS
observations, while panel (e) shows the second half. In both panels (d) and (e), the red points indicate the peak frequency and amplitude of the individual Fourier
spectra. The vertical dashed lines indicate the frequency of the pulsational signals discussed in Section 4.

pulsational periods than the β Cephei stars and likely are the result
of g modes rather than p modes (see e.g. Miglio, Montalbán &
Dupret 2007a). Our results on the spectroscopic time series are indeed
consistent with the mode calculations of Miglio et al. (2007a) for
this star being an SPB star with an l = 1, 2, or 3 mode. While our
spectroscopic data do not directly show any additional modes, it has
been well established that these stars often show multiple pulsational
modes (see recent analysis of Fedurco et al. 2020), which could
include the two photometric frequencies we discussed in Section
4.

It is reasonable to assume that the pulsational modes could be
coupled to cause a disc outburst on these time-scales, and in fact
our analysis points to that being one of the mechanisms behind the
disc outburst episodes. The secondary period used in the fit shown in
Fig. 6 has a frequency of 0.0115 cycles d−1, which corresponds to the
dominant difference frequency of the two photometric oscillations
we see in the KELT data at 0.7194 and 0.7079 cycles d−1. Given
the results of the fundamental parameters, we anticipate the that
these frequencies are similar to those seen in the SMEI and BRITE
photometry of 28 Cyg (Baade et al. 2018). Pulsations have long been
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Figure 10. H α (left) and H β (right) equivalent widths, peak height and the
width of the emission feature during the best-observed outburst. We show
similar fits for four more outbursts in Appendix A.

thought to be a driving force behind the mass ejections in Be stars, but
in the case of HD 6226, we see strong evidence that the coupling of
two modes can build a disc from the analysis of the KELT photometry
and BeSS spectroscopy. These two frequencies have amplitudes of
2.2 and 2.6 mmag. Given the difference in luminosity classes for these
objects, a sub-giant for 28 Cyg and a giant for HD 6226, these modes
may be g modes for the star, although no spectroscopic signature is
seen at these frequencies with our data for mode identification.

The ∼0.7 d−1 frequency observed in HD 6226 was the strongest
signal present in the short 25-d observation from TESS, which is
similar to the two pulsational frequencies found with KELT at
0.70787 and 0.71940 d−1. The TESS observations were fortuitously
taken as the disc was building (Fig. 8) and near in time to when the
beating of the frequencies were near the maximum of constructive
interference (see Fig. 9). We note that the frequency measured from
TESS data is likely at a phase where the combination of the two
pulsational modes measured from the KELT data are adding together
in a manner that the power and derived frequency would appear to
change over this time period.

We can begin to understand more about the decay of the disc
from the data in hand. In recent years, the VDD model has been
successfully used to describe a large suite of multiwavelength
observational results of Be stars (e.g. Carciofi et al. 2012; Klement
et al. 2015). The results of this model have been used to calculate the
changes in photometry (Haubois et al. 2012) and polarization of the
disc during an outburst (Draper et al. 2011; Haubois et al. 2014).

Rı́mulo et al. (2016) show that the photometry of the dissipation
is generally given in the form of

m(t) = m0 − (�mag)e− ξband(t−t0)
τ .

In this derivation, m(t) is the time-dependent magnitude, m0 is the
quiescent magnitude, �mag is the amplitude of the decay, ξband

τ
dictates

the time-scale of the decay of the light curve, and t0 is a zero-point
in time. From Haubois et al. (2012), we note that the parameter τ is
inversely proportional to the viscosity parameter α of the disc. The
models are built from the results of the HDUST models for the VDD
that have been well described by Carciofi & Bjorkman (2006, 2008).

Our results for the H α and H β line strength, shown in Fig. 6
and in detail for the first outburst in Fig. 10, are similar to the
photometric decay of Be stars such as ω CMa (Ghoreyshi et al.
2018) and therefore offer an exceptional data set with which to fit
the exponential decay of the disc dissipation. Of the six outbursts
we observed, the first one, peaking near HJD 2458000), was the
best observed so we concentrate our efforts on the discussion of this
particular outburst. There is some evidence that the disc did not fully
dissipate at the end of this episode, as we observe larger equivalent
widths in mid-2019, but these changes are very small and likely will
not influence our results.

In Fig. 10, we show the measurements of equivalent width, the
Gaussian peak height, and the Gaussian FWHM for both H α and H β

during the first, and best-observed, outburst. These measurements
were described in Section 5 and are tabulated online in the appendix.
The equivalent width variability can be understood as a proxy for the
light emitted from the disc in these particular lines. The equivalent
width is similar to the product of the height and FWHM, modified
by a constant.

We did a basic fit of the exponential decay with an equation of
form

Wλ(t) = Wλ,0 + (Wλ(peak) − Wλ,0)e
−(t−tpeak)

�t .

This decay curve can be used for both the equivalent width as well as
the peak height from the Gaussian fit of the residuals of the data and
the TLUSTY model. This is estimated with an equivalent width or
height, Wλ,0, the peak and quiescent emission, Wλ(peak, 0), a time in
which we estimate the curve has fully decayed, �t, and the time of
the peak emission prior to the decay, tpeak. We show estimates of the
fits for the equivalent widths and peak heights of both H α and H β

in Fig. 10. The parameters of these fits are shown in Table 5, and we
expect the errors of these parameters to be of the order of 5 per cent.
We also performed similar fits to at least some of the data from the
other four outbursts with reasonable observational coverage of the
decay from the campaign, including the coefficients in Table 5 and
including the similar figures in Appendix A.

We see from the data shown in Fig. 10 and the estimates of the
exponential decay in Table 5 that the H β line decays much quicker
than the H α emission. The optical depth at line centre is much
smaller for H β than for H α. If the disc is conceptually seen as a
pseudo-photosphere of given radius (Vieira, Carciofi & Bjorkman
2015), then the size of the H α pseudo-photosphere would be larger
than the H β one. Therefore, we see evidence that the disc clears
from the inner to outer regions, as has been seen for other Be stars
(e.g. Wisniewski et al. 2010).

We see from these simple fits to the data that the time-scale for �t
to vary from ∼19 to ∼37 d for H α, and from ∼7 to ∼23 d for H β.
The time-scales of the disc show that the H α emission remains ∼1.4–
2.7 times longer than the H β line, which depends on the outburst.
With a variety of time-scales needed for fitting the decay of the disc
in these two lines, we hypothesize that the viscosity parameter, α,
could also be variable if the mass injection for the disc stops after
the peak. This has been seen in the similar Be star ω CMa, which
shows variability in the disc’s viscosity coefficient from 0.1 to 1.0
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Table 5. Estimated exponential decay for the spectroscopic measurements.

Line Wλ,0 Wλ (peak) �t t0 H0 H (peak) �t t0
(Å) (Å) (d) (HJD 2450000) (norm.) (norm.) (d) (HJD 2450000)

Outburst 1
H α 3.34 0.6 19.5 8007.9 0.04 0.52 19.3 8010.0
H β 3.64 2.84 7.4 8010.0 0.02 0.16 8.3 8010.0.

Outburst 3
H α 3.34 0.64 23.1 8366.3 0.06 0.52 23.1 8366.3
H β 3.70 3.00 13.2 8366.3 0.02 0.14 11.2 8368.3

Outburst 4
H α 3.34 − 0.50 37.5 8427.5 0.06 0.56 31.9 8443.7
H β 3.70 2.80 23.4 8440.6 0.02 0.18 23.4 8440.6

Outburst 5
H α 3.34 − 0.50 30.5 8792.8 0.20 0.69 28.1 8795.2
H β Unable to fit 0.08 0.21 10.5 8798.4

Outburst 6
H α 3.34 − 0.27 19.5 8875.4 Unable to fit
H β Unable to fit

Figure 11. The KWS photometry is plotted in black, with the KELT data
over plotted in red, and the 30-min light curve from TESS shown in green. We
show a scaled H α equivalent width curve in blue at the bottom. Our derived
two-frequency fit for the KELT pulsations are shown in the orange curve,
showing the clear beating pattern. We estimated the start times of the H α

outbursts, and have marked those with vertical, purple dashed lines.

according to the modelling of the optical light curve by Ghoreyshi
et al. (2018). Alternatively, the disc injection could be lower after
the peak, in which case the viscosity parameter α could be constant,
with a variable disc injection rate.

Unfortunately, the KELT data did not cover this or other outbursts
in our campaign with enough cadence to fit an exponential decay to
the emergent flux in the KELT bandpass. We were also unable to
have reasonable cadence from surveys such as ASAS-SN. A future
campaign will need to have high cadence observations of photometry
and spectroscopy during an outburst to fully characterize the viscosity
parameters of the disc. However, we did find some lower precision
photometry taken with the KWS.5

In Fig. 11, we plot the KWS photometry, along with our limited
KELT photometry, and the H α equivalent width variability seen in
Fig. 6. In addition to the photometry and equivalent widths, we have

5http://kws.cetus-net.org/maehara/VSdata.py

overplotted the summation of the two pulsation modes found with
KELT with frequencies near 0.7 d−1. We see these two pulsation
modes providing a beating pattern in the light curve, with the beat
period that is comparable to the second frequency used in our Fourier
analysis of the H α equivalent widths. We then estimated the timing
of the outbursts in the H α equivalent widths, i.e. the time that
the equivalent width begins to grow, and compared these times to
the beating pattern. Most of the H α outbursts are accompanied by
photometric outbursts (although we are unable to fit the KWS data
with an exponential decay like we did with H α and H β (see Table 5).
This plot shows that as the two modes begin beating constructively,
the star sometimes begins to build its disc. It appears that sometimes
the constructive interference of pulsational modes can build the Be
star disc in the HD 6226 system.

We also see a change in the FWHM of the disc emission during
the outbursts, as shown in Figs 7 and 10. One can envision the disc
as optically thick out to some radius, the pseudo-photosphere as
described above, where the disc profile would be double-peaked at
a more moderate inclination. In the case of HD 6226, our results
are consistent with the disc clearing from the inside out during the
outbursts. Near the end of these outbursts, some of the material may
be falling back towards the star, causing the FWHM to grow at the
end of these outbursts.

When the star begins an ejection of material, this feeds the disc
and the material spreads outward in the disc. When the injection
mechanism is turned off, likely when pulsational modes no longer
add constructively for matter ejection near the stellar equator, the
inner part of the disc begins to drain of material more quickly than
the outer part. This causes the H β line to decay faster than H α, and
then the FWHM of the emission will also become narrower. That is
seen in detail in Fig. 10 and with the exponential decay fits in Table 5.

8 CONCLUSIONS

Our study of HD 6226 has found many interesting properties of the
Be star, which we summarize here:

(i) The star shows a consistent spectral type with both optical
spectra taken during the quiescent phase as well as with an UV
spectrum taken with HST near the peak of an outburst. The spectral
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type is B2.5IIIe, based on the similarity of the B2.5III standard star
π2 Cygni. A TLUSTY model with Teff = 17, 000 K, log g = 3.0,
and vsin i = 70 km s−1 matches our observations well. The system is
seen near pole-on based on the inclination derived from our model,
and is similar to these parameters from the TLUSTY model.

(ii) HD 6226 is seen to have one pulsation period of 2.61553 d
that is seen in spectroscopy. The variations are similar to those of
a low-order mode, perhaps an l = 2 mode. There is some marginal
power near this frequency in the Fourier analysis of the TESS data,
but was very weak.

(iii) The star shows a periodic behaviour in the H α and H β

emission. Of the two periods (212 and 87 d) found for the H α

behaviour, we find that the 87 d period is a difference frequency of
two pulsational frequencies observed in the KELT data. The predicted
curve, shown in Fig. 6, predicts the times of maximum and minimum
equivalent width. We encourage observers to take frequent spectra of
HD 6226 in the month or more prior to predicted times of outburst so
that the build-up of disc material can be well observed. Thus far, no
outburst has been seen in detail from the beginning of the material
build-up.

(iv) When the star begins an outburst, we see a wide emission
profile superimposed on the stellar photospheric line. The peak was
fit with a Gaussian profile, which we see having a wide FWHM
and then becoming more narrow with time. This can be interpreted
as material moving from the interior to the outer parts of the disc.
The disc then dissipates leaving the profile too weak to detect the
signature of material falling back on to the star. This general picture
agrees with the hydrodynamic simulations of Haubois et al. (2012).

(v) The H α and H β variability during the outbursts is similar to
the photometric behaviour that has been modelled for other Be stars
during their outbursts (e.g. Vieira et al. 2017). The decay curves can
be used for future modelling with the VDD codes used for Be star
discs (e.g. Haubois et al. 2012; Ghoreyshi et al. 2018). No general
modelling for the viscous disc parameters has been done for the entire
population of Be stars, so the exact parameters of the disc decay are
unconstrained. The time-scale for each of the outbursts is different,
indicating that the viscosity parameter is variable with each outburst
or that the mass injection rate is variable.

(vi) Two of the modes seen in the KELT photometry have a
beating frequency that is equal to one of the two frequencies
found in the Fourier analysis of the H α and H β equivalent widths.
The beating properties indicate that the constructive interference of
the pulsational modes could be the driving mechanism behind the
outbursts for this Be star.

The continued study of the star HD 6226 will be necessary for a
better understanding of how discs are built and dissipate for Be stars.
The most needed observations in future are a confirmation of periodic
behaviour of the outbursts, and potentially a study of the polarization
of the disc during an outburst. It’s unclear if we should expect a
signature of polarization because of the near pole-on orientation of
the star. However, if this is caught very early in an outburst, a strong
polarization signal could be seen as the material is ejected from a par-
ticular spot on the stellar surface. The fact that the outbursts appear to
be periodic allows us to consider mounting observational campaigns
to catch the outburst with multiple techniques such as photometry,
spectroscopy, polarimetry, or even long baseline interferometry. We
had also considered modelling the phase variations of the line profiles
with current asteroseismology tools such as FAMIAS (Zima 2008).
However, these tools assume a non-rotating star, and Be stars are
known to be rotating at nearly critical speeds. Furthermore, our data
are of lower SNR and spectral resolution than needed for the code,

given the typical data quality found in BeSS. The complete analysis
of this pulsational mode will require a dedicated campaign in the
future.

The unique time frame and data set collected during the time that
TESS observed the star represents one of the best data sets collected
showing the growth of a disc of a Be star. The complementary
spectroscopy and TESS photometry will undoubtedly prove essential
to future modelling efforts of Be stars and their discs. Other Be stars
have been observed by both TESS and BRITE-Constellation, but very
few with such extensive spectroscopic coverage. We hope this study
will help to excite amateur spectroscopists to provide similar data
sets for both HD 6226 and other Be stars in the future.
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