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Abstract

We present a high-cadence time series of spectroscopic observations of the Ha emission line profile
obtained during the egress and total eclipse phases of the M supergiant binary VV Cephei (M2 Iab
+ B0-2 V) for the 2017-2018 eclipse. Medium-resolution spectroscopy, obtained at an almost nightly
cadence by the ARAS Spectroscopy Group from April 2017 through June 2018, has been used to
construct a time-series of equivalent widths (EWSs) of the Ha emission line flux. The peak fluxes of
the blue (V) component and the red (R) component relative to the continuum, as well as their ratio,
V/R, have also been found. We report on a new 43.5-day periodic variation in the Ha emission that
is present throughout the entire time series and, in particular, persists through mid-eclipse.

1 Introduction

VV Cephei (= HR 8383 = HD 208816; M2 Iab + B0-2? V) is the brightest, M supergiant
eclipsing variable binary in the sky. At 5th magnitude, it is an easily accessible spec-
troscopic target for amateur astronomers. As is typical for red supergiants, the M star’s
apparent brightness is somewhat variable, V = 4.9 — 5.4 mag, with a dominant period of
about 150 days. The VV Cep binary system consists of a red supergiant with mass about
20 solar masses and a hot, presumably main sequence, early B-type companion of com-
parable mass (Wright 1977). The red supergiant primary eclipses the much smaller (in
radius) B-type secondary star every 20.34 years. The system is now (July 2018) midway
through its 1.5-year long total eclipse that began in late October 2017. Total eclipse (2nd
contact) began on JD 2458054 (2017 Oct 28) and mid-eclipse occurred on JD 2458288
(2018 June 19), based on the eclipse times of Leedjérv et al. (1999) for the 1997/98
eclipse and the 7430.5 d (20.34 yr) period of Wright (1977). The relative orbit of VV Cep
is shown to scale in Fig. 1.

The optical spectrum of VV Cephei in the red spectral region is that of an M supergiant,
but with strong Ha line emission from an accretion region around the hot companion
(Wright 1977). This emission is probably due to accretion from the massive wind of the
M supergiant, and not from mass transfer via Roche-lobe overflow. The large orbital
eccentricity (e = 0.346; Wright 1977) and large mean orbital separation of a/R; ~ 5.1
(Bennett, private communication), where R; is the radius of the M supergiant, argue
against the close binary nature required for Roche-lobe overflow to occur.
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Figure 1. The relative orbit of VV Cephei to scale, as projected on the sky. The relative position of
the hot B-type companion is shown by small blue circles out-of eclipse, and pink circles in total eclipse
for the duration of the current data set.

The Ha emission line (Fig. 2) is prominent, with typical peak fluxes several times that
of the M star continuum, and broad with a full width of 300 km s~! out of eclipse. The
only place in the system with velocities this large is deep in the gravitational potential
of the B star and so the broad wings of Ha must be formed by rapidly infalling gas
in the immediate vicinity of the B star. But, rather surprisingly for an emission region
associated with the hot star, the Ha emission weakens and narrows in width, but does not
completely vanish during total eclipse. This implies the existence of a spatially-extended
region of Ha emission that remains uneclipsed must contribute significantly to the overall
emission. Because of these difficulties, it remains unclear exactly where the Ha emission
line is formed in VV Cep relative to the B star and the associated accretion region.

In structure, the Ha emission line appears doubled with two prominent peaks separated
by self-absorption near line center (Fig. 2). Wright (1977) assumed that this profile was
due to a single, intrinsic symmetric emission profile with superimposed absorption from
low-velocity neutral hydrogen along the line of sight through the wind of the M supergiant.
He found that the emission centroid followed the velocity of the B star around its orbit,
moving back and forth in velocity with respect to the nearly fixed central absorption. By
estimating the position of the (missing) intrinsic emission peak, and assuming it shared
the radial velocity of the B star, Wright (1977) was able to derive an orbit solution for the
companion. Therefore, with the orbit of the M supergiant primary already established, he
was able to derive masses of about 20 solar masses for both stars of this eclipsing binary
system.

However, Wright also noted that a difference of 1.7 km s™ was found between the
systemic velocities of the M star and B star orbital solutions, possibly an indication that
the velocity of the Ha emission centroid is somewhat displaced from that of the hot star.
One of the goals of the present observational campaign is to clarify the geometry of the
Ha emission region by obtaining and analysing high-cadence spectroscopic observations
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Figure 2. Medium-resolution spectrum of the Ha emission line in VV Cep; black: out-of-eclipse =
2016-12-23; red: total eclipse = 2018-03-10.

of VV Cep during the 2017-2018 eclipse period. It is hoped that this effort will lead to an
improved orbit and masses for VV Cep, which is one of the most massive and luminous
evolved binaries in the sky.

2 Observations

The work of the ARAS group (Pollmann, 2018) reported here consists of a long-term
spectroscopic monitoring program of the Ha emission line of VV Cephei. Spectroscopic
observations have been obtained on a regular basis of the red spectral region around He,
on a regular basis with high-cadence (approximately nightly) monitoring from April 2017
(JD 2457850) through to July 2018 (JD 2458310). These medium-resolution Ha spectra
(R = A/AX ~ 15000) offer the opportunity to study the dynamics of the hot stars and its
associated H II region, responsible for the Balmer lines (and continuum) recombination
spectrum, with unprecedented time resolution.

For this observing campaign, for each spectrum, equivalent widths (EWs) of the en-
tire Ha emission profile have been calculated, and peak fluxes of the blue (V) and red
(R) emission components have been measured relative to the continuum. The V and R
components are defined with reference to the central absorption that splits the Ha emis-
sion line profile into two (Fig. 2). The precise definition of continuum value used for the
calculation of the EW is shown in Fig. 3, and details of the definition of the V and R
components are given in Fig. 4.

One issue to be aware of when measuring Ha emission fluxes in VV Cep is that this
emission originates from a source (near the B star companion) that is spatially distinct
from that of the M supergiant’s continuum. EWSs are normally calculated with respect to
the stellar continuum, but for VV Cep that continuum is itself somewhat variable and so
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Figure 3. The continuum value used for the Hoe EW calculation was the mean flux level between the
Fe 16546 A and Ti I 6556 A spectral lines indicated. The spectrum shown is of VV Cep on 2017 May
27 (JD 57900.45).

4.5
40 | WV Cep v
' 2017-06-05
35 t
3.0 t
R
o 25t
L
20 | . - . =
15 | Z BB e
3 - 3
1.0 A MU A A A -
AT TASRAY Ra Ty
05 EW(V) EW(R)
cA '
0.0 1 1 1 1 1

6540 6545 6550 6555 6560 6565 6570 6575 6580 6585 6590
Wavelength [Angstr.]

Figure 4. Definition of the V and R components.
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the variability of the M supergiant introduces an apparent variation in the Ha emission
flux inferred from the EW.

To obtain the intrinsic variation of the Ha component, the effect of the continuum
variability should be removed. This can be done for EW observations by multiplying the
raw EWs by a factor of 107%44% where AVy =V —V;, and V is the V-band magnitude
at the time of the observation, and /0 is the long-term mean V' magnitude. However, the
data presented here have not been corrected in this manner.

Furthermore, neither of the V and R peak fluxes (which were measured relative to the
M star continuum) have been corrected for M star variability, and so these values should
be interpreted with caution. In places, the slow 150-day variability of the M supergiant
can be seen in these fluxes. However, the effect of the variable continuum cancels out in
the calculation of the blue-to-red ratio, V/R, and so that is the key diagnostic used in the
present analysis.
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Figure 5. The total Ha emission flux (EW) behaviour [red points, refer to right axis] over the past
year showing a 43.5-day periodic variation. The ratio of the Ha blue component peak flux (V) to the
red component peak flux (R) is also shown [blue circles, refer to left axis]. Both components have the
same 43.5-day period, but the V/R ratio varies antisynchronously with the EW variation. The
predicted time of mid-eclipse (JD 2458289) is shown, from the 1997/1998 eclipse of ephemeris of
Leedjarv et al. (1999) and the orbital period of Wright (1977).

The cyclic variability of the Hoe EWs and the V/R ratio shown in Fig. 5 have been
analysed in terms of a periodic behaviour and has led to the discovery of a persistent
periodic variation of 43.5 days (Figs. 8 & 9) in the Hoe EWs. This periodicity is present
in the total EW, in the individual V and R peak fluxes, and most prominently in the
V/R ratio. All of these components vary synchronously with the 43.5 day period, but the
R flux varies with a consistently larger amplitude than the V flux. Hence the ratio V/R
varies antisynchronously with that of the total EW.

What is surprising is that this 43.5 day periodicity persists into total eclipse when the
hot companion and its associated accretion region have been occulted, and the total Ha
flux has decreased substantially. However, the limited, out-of-eclipse U-band photometry
available (Fig. 7 bottom) shows no obvious 43.5 day periodicity, suggesting that the B-
star itself is not the source of the Ha variability; but, the size of the binary system is so
large (the M star radius being R; ~ 1000 solar radii) that the wind crossing time to travel
a stellar radius (¢; ~ 1 year) is much greater than the 43.5 day period. This rules out
some type of regular structure propagating in the M supergiant wind as a source of the
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Figure 6. Ha V/R flux residuals (blue dots) after subtraction of the long-term trend in Fig. 5 due to
eclipse ingress. An exponentially decaying periodic variation (red dots) has been fit to these residuals
with the following function:
Fit to V/R residuals = Ae%/T cos(27mp); A = 0.15; T = 15.0; o = (JD — JDy)/P; P = 43.5 d; Epoch
JDop= 2457905.

variability because it would be virtually impossible to retain a coherent variation over the
spatial scales required to explain the persistence of the variation through total eclipse.
The inevitable conclusion is that the variability must be driven by variable excitation
from the hot component, even when that component is totally eclipsed and hidden from
our line of sight.

We will leave any further discussion of the nature of this 43.5 day variability to a future
paper; in this current work we will merely present the observational material.

3 Summary and Results

The 43.5-day period is seen in both the total Hoe EW (Fig. 5) and the blue-to-red flux
peak ratio V/R (Fig. 5). The latter variation implies a periodic variation in net radial
velocity also. This periodic variability has persisted well into totality through the present
time just past mid-eclipse (July 2018). Going into eclipse, the overall Ho emission flux
declines in peak intensity and in full width, indicating that the broad-line emission region
originates in the immediate vicinity of the hot star, as expected. The decline of the EW
into eclipse is much slower than expected for a point source, implying most of the emission
comes from a substantially extended region.

The persistence of Ha emission through mid-eclipse implies about 1/3 of the emission
comes from a very extended region with an area larger than the projected stellar disc of
the M supergiant (with a stellar of radius R; ~ 1000 solar radii). The V/R flux ratio
declined steadily during eclipse ingress, but started increasing at a slow rate well before
mid-eclipse. This behaviour of the V/R curve implies the spatial configuration of the
extended Ha emission is not symmetric about mid-eclipse. The secondary B star’s out-
of-eclipse continuum flux does not appear to be variable, and this would seem to eliminate
the hot star as the source of the variability. The M supergiant, which dominates the V-
band flux and is somewhat variable, has a much longer ~150 day period (Fig. 7 top) and
is not the source of the 43.5-day periodicity. Finally, the M supergiant’s wind velocity
(~20 km s7!) is low, implying long wind crossing times (of ~ 1 year or more) for distances
of the size of the Ha emitting region ( > R;). This wind timescale is too long to explain
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the 43.5-day variability. We conclude that the source of the excitation must be radiative
in nature and originate from the hot component, but probably not from the B-type star
itself.
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Figure 7. (top): V photometry of VV Cephei obtained over the same time period. There is no
evidence of the 43.5-day period in this light curve (dominated by the M supergiant). (bottom): The
U-band photometry available during the monitoring period, courtesy of the BAV, shows the onset of

the eclipse around JD 2458000. The out-of-eclipse U-band photometry shows no obvious 43.5 day
periodicity, although the time sampling is poor.

At present, just past the time of mid-eclipse, it seems prudent to publish the observa-
tional material in hand, and wait for the completion of totality and egress from eclipse.
It is hoped that having the complete times series of Ha emission flux data over the entire
eclipse period will help elucidate the source of this puzzling periodic variation. It would
be most useful the amateur community could obtain high-cadence observations of the
ultraviolet continuum of the B star, especially once the star emerges from eclipse. For
this purpose, Stromgren u photometry would be ideal, although Johnson U photometry
would still be useful. We will defer a discussion of the nature of the variability to a future
paper that will incorporate a more complete dataset.
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Figure 8. Scargle periodogram of the V/R flux residuals in Fig. 6, produced by the program AVE
(Barbera 1998), showing the dominant 43.5 &+ 0.12 day period.
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Figure 9. Phase plot of the found period of 43.5 days in Fig. 8; Epoch T, = JD 2457905.
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Observers of the ARAS Spectroscopy Group
ARAS website - http://www.astrosurf.com/aras/ O. Garde, J. Foster, E. Bertrand,
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